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Biobutanol has been considered as a potential alternative fuel with sufficiently similar 
characteristics to gasoline. However, product inhibitions, low productivities, and high recovery costs 
are the consequent limitations of acetone-butanol-ethanol (ABE) fermentation. A Polydimethyl 
siloxane (PDMS), Natural rubber (NR), Styrene-Butadiene Rubber (SBR), and Carboxylated Styrene-
Butadiene Rubber (XSBR) composite hollow fiber membrane were used to investigate the separation 
performances by pervaporation technique. Characterizations of the cross-link membranes were 
investigated including SEM, tensile strength and sorption of butanol. For pervaporation, 
butanol/water binary solutions were prepared to study the effect of feed butanol concentration ranging 
between 1.25 L 10 % v/v, and operating temperature betwen of 35 L 80 °C. The results showed that 
the butanol flux of all membranes used in this experiment increased with the increasing of the feed 
butanol concentration, while the corresponding butanol selectivity showed the reverse tendency. An 
increase in operating temperature resulted in increasing the permeation flux for all tested membrane. 
However, the XSBR composite hollow fiber membrane showed the highest butanol permeance 
among fabricated membrane. Therefore, the membrane was chosen to perform the in situ product 
removal (ISPR) equipped with batch ABE production by using Clostridium acetobutylicum TISTR 
1462. The experimental results revealed that the total solvent concentration and production yield were 
higher (17.94 g/L and 0.37 g/g, respectively) than that of typical batch fermentation (14.38 g/L and 
0.32 g/g, respectively). Compared to batch fermentation, this system achieved 1.5 times more 
productivity. 
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4+ 2Iก5
')$	'!0ก'!$ ceramic/NR 
45 
0& 23   '3 "Iก5)$	 Iก54+ 2Iก5
')$	'!0ก'!$ ceramic/XSBR 
46 
0& 24   '3 "  '*32	ก/$ ก
$260!3)$	ก7! '!0ก': (a) PDMS, (b) NR, 2 
(c) XSBR 
48 
0& 25   '3 ""ก$Hก'ก$
260!3)$	7! '!0ก': (a) PDMS, (b) NR, 2 (c) XSBR 
50 
0& 26  Temperature dependence Iก5'*3  '3 *3
ก+$7 )$	7! '!0ก' PDMS 
52 
0& 27 Temperature dependence Iก54+*3  '3 *3ก+$7 
)$	7! '!0ก' PDMS 
52 
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0& 28 Temperature dependence Iก5'*3  '3 *3
ก+$7   )$	7! '!0ก' NR 
53 
0& 29 Temperature dependence Iก54+*3  '3 *3ก+$7 
)$	7! '!0ก' NR 
53 
0& 30 Temperature dependence Iก5'*3  '3 *3
ก+$7 )$	7! '!0ก' XSBR 
54 
0& 31 Temperature dependence Iก54+*3  '3 *3ก+$
)$	7! '!0ก' XSBR 
54 
0& 32 ก +'ก5G"'24+)$	ก$260
!3)$	7! ': (a) PDMS, (b) NR, 2 (c) XSBR 
54 
0& 33 0*	'*	'ก5G"'#กก$260!3)$	7! 
' 3 !$7ก2	ก'   10 ก" 
59 
0& 34 "Iก52ก$Hก"&ก$"{)$	7! '!$ XSBR 61 
0& 35   ก), 5, +	4$7กก ABE )$	7! C. 
acetobutylicum TISTR 1462 
62 
0& 36   ก)  5  2+	4$7ก'กก ABE 
 '' extractive fermentation )$	7! C. acetobutylicum 2' 
ceramic/XSBR 
64 
0& 37 Iก54$2  +	7$ กก$0ก	2$ *3
*32	ก/$ 7ก'กก ABE  ก' extractive fermentation )$	
7! Clostridium acetobutylicum 2' XSBR 
65 
0& 38 2$ก' (swelling) ' XSBR 2ก2	กก#ก"ก
5ก 5G301!4' 
67 
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566GF 1 56HI3 
1.1 7J30BI378CKL26GF03M<@1NCO3@3HJ-P8: 
4ก'!2",,$,ก2(;  %.
(<$,ก )*$, ก(;  
(-ก	2
."%
$$" ก$,กก",
 ก
	,=ก  +-กก3,ก/, (< 	2(-	/	98*,/+,."%(<
$,$, 
 (<$,ก	* -$, "+,,,	"+	2($,).$,98*,
4/"2(-	"2"	,กก(<., "2(;  % -3/"
ก>ก).$,2(+%%, 7 $+ก$	$%2(<
).$, กกก.$$)$(-,"2).$!)*$2(<	"+	  Methyl 
tert-butyl Ether (MTBE) %.%9 )$ก./%$"9 ก(5ก  
esterification $,/ก9$/"!ก%$ก$?$!)*$2(<).$,%
)*$,!"9(< 
$ก ก.+ ,ก).$,2($,ก@9 
)$	 98*,4/" ก
ก-%ก$$	!, 7 2-/$ก "2(;  % /"ก(-ก!22
$ก, 7 $,+  :!.,ก ,,$ก+(A,(-,(< 
ก%	$"2).$+%
	 Clostridium acetobutylicum (<$ก8*,	,)$ก%
ก,,	"+	2($,).$,$ก$?$! 98*,4-(<$, +-
2ก
,
ก%.%9(<$,ก 	242	"+	.%9/"", "/$,ก%
).$,"$)* 7 +$,/ก3 ก%	$ กก-%กก. (;&
&	*%
)$
%	$(<	*$9+%
	, 	2ก"ก%.,"	*ก product inhibition 
",.2ก	* -*$,%	$.  -$,	2
$,%	$
*$
$ "	กก "%	$$$ก ก.ก$$" 98*,2, . /"ก(-ก!2,
62ก(<)*$+)$% %22ก+ก%	$ก%ก-%ก
ก"	

$!+3($* "2.+ก -(<ก.,6 ก%,,
-!
(<, 7  ก. -	ก	"$%ก""9%%	$ +-	ก)$ก%",ก
	(<%,(-ก$% "	ก
)$%,%$,	$2ก,9
 ก$	* -/(
	"$%ก%ก+ก%	$$$ก ก-,
-! "	ก8ก-, 7 	*
$(-	6ก+ก  $' 
$,%	$2(A$ (<  ก.     
%",ก /"4ก/(22ก+ก%	$
%
ก%ก-%กก)*$*$/( 
  
 
 
 
 
 
 
 14 
1.2 ก3/O08ก<2Q-R.H-5-J63H<L-D<63H<L (Acetone-Butanol-Ethanol Fermentation) 
กก%	$ )$(<	* กก กก$-9-%	$-$	$ (Acetone-Butanol-
Ethanol fermentation) )$กก$%$ 4	กก/"").$+%
	2-ก 
Clostridium acetobutylicum )$ Clostridium beijerinckii 98*,4ก
%
.,+ก" Chaim Weizmann 
)*$ก)$%$(0ก$ %	$(<$ก$?$!"8*,	*
!%$2ก 4 $-$ 


$	*/" กก/,ก$	$	2-ก%ก2(<.).$,", "/
 (<	* -$,	ก(%(*
)*$,!ก$ 	.,.)%)*$, กก	*
!%$ ก48, 4 
$-$$2ก2*$, %	$4-2.%,,3ก$	2
2ก
,
ก%.%9กก$	$+-	$ 98*,4(%, 7 /"", 1 
 1. 'ก	&2*กy'Cz (Roehr, 2001) 
'   ' 
)  CH3OH CH3CH2OH CH3(CH2)3OH 
)ก 32 46 74.12 
#$$H$ (°C) 64.6 78.32 117.7 
&กu (°C) 239.6 243.1 290 
2"*3 20 °C, g.cm-3 0.791 0.7893  0.8109 
 ก$0, kJ.kg-1 22.7 29.68 32.0 
&*3$/I/$  (°C) 460 360 343 
  
( 1 +",4, 7 %กก$-9 %	$ +-$	$ 98*,กก$%$.
48. ก+(A,/"", 	.,.)*$, ก).$+%
	 -$3/9!	*4$+(A,/"98*,
,$,ก &$,).$.  -(-ก$%/("$,--2& 7 
)$--+ก -(<--	*ก
 &%$,9+- -(<,	*ก,ก" (acidogenesis) " -ก,ก"$	!
ก"+
ก ก"$-9ก+-ก"%	ก (< --	*$, -(<--	*9--ก
+-กก"$	!22,'1!98*, -ก--. --,9)$	*ก 
solventogenesis "$$,$-9:%	$:$	$  -
(-' 3:6:1 $ก ก.,
%กก@9
!%$/"$$ก/9"! (CO2) +-/?"  (Hydrogen) $ก" (Valdez-Vazquez 
et al., 2009)    
 
  
 
 
 
 
 
 
 15 
0& 1 *" { 7ก'กก5*) '  (Jones et al., 1986) 
 
1.3 1NCO3SH9T3H7J30D1UHV->M<@5-J63H<L6GF0G.;<DQLK576GD/G: 
  (;&2,	

	*
&2ก	2$,%	$*. ก" ก).$
+%
	98*, -$$/$
(<$,%	$ก "	*%	$
,$- 
2 ".กก3 -,$	* -	2).$+%
	, 98*, -,2"%$ก>ก
%	$2-"%$ก 98*,(<	*	%ก$	*/(%	$ -4ก""9%	*)*$9!
$,+%
	 +- -	2ก"
(*+(,$,$,
!(-ก$%$,)*$92	*(<:$
:(H" (Phospholipid) +-ก"/", 7 ,	2
42ก
")$ก
$,)*$9&/( 	29+%
	/(2	*"   
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",	*/"ก+ (;&ก2กก$%$ 
)$ก.%.,(5ก$,).$+%
	 ",.
 8,ก>+

"	* -	ก+ก'1!$$ก ก-%%
%
ก%ก-%กก 
(extractive fermentation )$ in situ product removal) 98*, -(<ก>ก-%กก/($ 
7 ก%ก+ก'1! 98*, -,"2", 7 ",. 1.) "
(<$,	*$).$+%
	, 
 -	2).$+%
	4%	$/"ก8. 2). "$,ก -/(,)*$, ก
ก+ก'1!$$ก ก-%%$$" 3). ก&'1! -
", +- 4) (<ก
".$$,ก", (Mattiasson et al., 1991) 98*,$/"(%, 7 . -/(
ก""$,4,ก, ()*$(%	%ก%$,%	$	*	ก) 	24"
		.,	
,	*+-	+(, 7 ,/"  
 
1.4 กก	&
ก1.4% 
/"ก>	

, 7 %ก+ก'1!$$ก ก.ก2-,	*กกก, 
"/($.	

"$%	,ก+-
$,'1!	*$,ก -+ก(<
).=2ก ' " (,  "$  "")$" 

"/$ 
42ก
- 
$%)$/$%. (hydrophilic/hydrophobic property) +-
(<(-  (< 
$,	

, 7 4"/" ก,  $ก ก.ก)$ก26ก+ก2-,$,
 '48,ก!	,
 (chemical potential, χi) $ก" "	*ก!	,
. -(<(;  
&2ก
ก":ก9!)$$ก4	$8*,).	* (mass flux, Ji) 98*,8.$ก%(-	6I
ก+ (Di) +-+,% (driving force, dχi /dy)  "(</(กJ$+ก$, Fick ",ก 
 
                                                            
dy
dDJ iii
χ
−=                                                           (1) 
  
, ก3 .ก-%กก)$)*$(5ก$,$/9!.",+ '1!	*
/" กกก)$ ก(5ก$,$/9! -4ก+ก+-	2
%	6I ก-%ก
+ก",ก.ก ก-%ก,กก (downstream processing) )$ก-%ก+ก	,
 (bioreparation) '1! กกก$ 48,9!$, )$(<$,
!(-ก$%	*$
2.ก98*,(<$,
!(-ก$%	* 	!,8.+-4ก%$$ก$ก9! (extracellular) 
)*$9!ก &%+-,'1! )$$  -(<$,
!(-ก$%	*$29! 
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(intracellular) ก3/" 4'1!	*$,ก(<9!$,	ก+ก9!$$ก ก.กก$+ 8, 
,9!+-	29!+, 2ก'	*'1!(<$,
!(-ก$%	*$2.ก ,+ก 
9!$$ก ก.ก+  -/"'1!	* )$ ,2$,ก $ ก.  8,'1! 
$,	*/"/(	ก+ก+-	2%	6I +-, ก. 8,$,	*/"/(	ก+ก
'1!+-	2'1!
%	6I$/( 98*,ก$$ก+%%ก-%ก+ก'1!. 
(;  ก2ก '
)$%	,ก+-
 ",+",2, 2  
, 2 $,ก+ก'1!"$%	,ก+-
	*+ก,ก (Lye et al., 
1999). 
%	,ก+-
 $,ก $,-%%$,ก+ก 
(driving force)   
#	ก	
1	   

42ก(</$  กก* 
  ก"ก@9 (stripping) 
"+-(,  ก2)*$+ 
  ก(;L+ก 
  กก$, 

42ก- ก
")$ก* (low selectivity) 
+
 , (high capacity) 
กก-ก$ 
กก""	-
$	! 
  กก8ก 
   
#	#!   
ก+",(-   ก+ก(*(-  
  Electrodialysis 

$%.//$%. ก
")$ก, (High selectivity) 
+
 * (low capacity) 

ก::0L 
ก""9% 
   
$)* 7  Affinity methods 
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1.5 กก	&
ก$

5'&	% 
 ก2)*$+,
-!2ก+ก'1!/"%
2 (<$,ก2(;  %)*$
 "(-,
!2ก*(-	6$,ก-%กก (Doig et al., 1998) "., . 8,
/")$กก+ก%	$$$ก ก-%%กก")*$+2ก8ก(;  ,7 )*$, ก)*$
+4)$กO-%	$$$ก ก.ก 	29!+%
	4 &+-,
$/(/"$ก ")*$+,
-!ก'-(<+%, 7 	*ก.-,$,/$,"
"$  -(<$,)$+ก@ก3/"+-
42ก
")$ก$,-$$ก)$	*
ก semi-permeable property (Baker, 2004) ก8กก-%ก+ก"2)*$+./"
ก8ก
.,+ก2 
.. 1748 ( .. 2291) "ก	!P*,)*$ Abbá Nolet  กก
,ก(ก5ก'!$$9$,. ก.ก)$,).$)*$$,ก--  ก.
ก-%ก+ก")*$+ก3/">)*$ 7 "%+	2$,(5%ก	.
ก-%ก dialysis "Thomas Graham2(0
.. 1861 ก-%ก$!+($*" Kober 
2(0
.. 1917 (< ก-%ก+ก")*$+,
-!2-"%$ก./"ก
>)*$(-' 40 ก(0	*.$," Loeb +- Sourirajan 98*,(<)*$+$$9
+%%ก% ก9$-9	%ก.")* ก.	-+-)*$+$:H*
%ก%%". 2(;  % /"ก(-ก!2)*$+,
-!ก$,ก,,2
$ก $  (H ก%%". +-	
(< ก+ก"2
)*$+,
-!2	, 	
./"ก2+ก	ก(-	.,+ก+ก9!$,
 	!"กก$,/( 48,ก+ก@	2%	6I,)*$*

$$,ก"( 
ก)$ก"$,)*$+2-. -$, '48,%	,ก+-
$,	*
$,ก+ก(<
&  
%ก	2ก"ก+ก.  (<	* -$,	2ก"+,%" (driving force) 98*,+,
%".ก"8. ก,$,
ก!	,
$,2"$, permeate ก%2"$,(A$ 
(feed) 98*,
ก!	,
. -%,%$ก48,,,2$,
.)*$, ก
,ก$,

" $' ก!	,/::A)$
	*$-,"	.,$,$,)*$+ 
$ก
4	 -)$:ก9!$, i (Ji)  -(</(กJ$+ก$,:H
 98*,"ก+",	*/"
ก/+2ก	* 1  "ก +ก-%%ก+ก"2)*$+ 42"$,+,%"
+%%, 7 2ก +ก ",+",2, 3 
 
  
 
 
 
 
 
 
 19 
, 3 ก +ก)*$+"$+,%"(<ก" (Huang, 1991). 
กก	&
ก$

5'& &,$ (Driving force) 
$!+($!* (Pervaporation) ,
"/$ (Gradient of vapor pressure) 
$:H* (Ultrafiltration) ,
" (Pressure gradient) 
ก+กก@9 (Gas permeation) ,
" (Pressure gradient) 
$$9+%%ก% (Reverse osmosis) ,
" (Pressure gradient) 
/"$-/9 (Dialysis) ,
 (Concentration gradient) 
$!+	ก* (Perstraction) ,
 (Concentration gradient) 
$
/"$-/9 (Electrodialysis) ,ก!/::A (Gradient in electrical potential) 
 
 
1.6  #%## (Polymer Membrane) 
"	*/(+$$!2&4(<%/" +)*$, ก%	,
ก+-	,
$,$$!+ก,ก  8,	22	,(5%$$!	*4
(<%/"  ก" "+(
&	*,$ 4-ก98$,% 
48,%	,ก +-	,
$ /"+ก 4-$,$$!  98*,48, :)$5
	*$
$!.(ก5)$(<$ $, $$!+3,	*$24-)" (rubbery) )$4-
+ก (glassy)  -
'%,ก$,"  "$$!	*$2-+ก -

,	$

$+-
 )*$, ก9$$!
)*$//" ก" 
)$/4$%+ก$,
9ก/"$,$- 98*, -	2ก98$,%	* ก$$!.7 *  
ก)$ก$$!%ก%%ก-%ก/
:H+-
ก-%ก$:H 2& ' กก-%ก  +ก$"  

	
+-
$ $,$$!	*2%%2ก-%ก.
)$ 
cellulose acetate, poly sulfone, polyvinyidene fluoride, polyamide (<   ก)$ก$$!
%%	*22ก-%ก+กก@9+-ก-%ก$!+($ ' ก

:ก9!+-
ก+ก  $$!	*2%2ก-%ก.
)$ polydimethyl 
siloxane, polyvinyl alcohol, polyacrylonitrile +-,6 (natural rubber) (< 
 "$$!%2&"ก(*: (phase inversion) 98*,(<
ก-%ก	*	2-$ $!	*4-$,(*(<4-$,+3,  
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ก-%ก+3, (solidification) * ก$, 1 : +ก$$ก(<$, 2 : (liquid-
liquid demixing) :	*
$,$$!กก -+3,ก(<:	ก9! 	

	*
2%"$กก(*: /"+ก 
 1. ก+ก:"ก-$,	- (Precipitationby solvent evaporation)   
 (<	

	*,	*"%ก%"ก(*: "-$$!
2	- ("%.$,% +-	-2%ก$,ก@9O)*$)*$(A$,ก
/$.  98*,ก%"6. -/"%	*
,,+%%+ 
 2.  ก+ก:"/$$,/- (Precipitation from the vapour phase)           "
:H!	*8.(+ .,/2%ก$,/$$,	*/2	-+-/$$,	*(<
	- +/$$,	*/2	-+/(2:H! 98*, -/"(<%	* 
 3.  ก+ก:"ก
%
ก- (Precipitation by evaporation)   
 "-$$!2-,	*(<	-+-	*/2	- 
"	*(<	- --3ก	*/2	- 2-,ก-	2
(-ก$%$,(* ('	*/2	-*8.  	2ก-", 8,
ก"ก+ก: 
 4.  ก+ก:"ก
%
ก- (Thermal precipitation)   
 "ก"$'$,-$$! )*$	2ก"ก+ก:  ก. 8,-
	-$$ก/( 
 5.  ก+ก:"ก  (Immersion precipitation )   
 (<6	*22ก% "("-$$!%.$,%  + 
2$, %98*,(<	*/2	- ก+ก:ก"8.)*$, กก"ก+ก(*-,
	-+-	*/2	- "4$2 2 (+%%  
)$ %	*ก'-
%+-%	*ก'-(<	$ 
 (1)  %	*ก'-% (Flat membrane)  %"++-ก$% (plate 
and frame membrane) +-%"	$ (spiral wound membrane) ",(	* 2 98*, 6ก

)$  -$$!2	-)$	-	*- +(".$,%""
(" (casting knife) ++2$,$,	*/2	- (non solvent)  	2ก"ก+ก(*
-,	-+-	*/2	- 	2ก"ก+ก: +(
&	*ก"

,,$,%
)$ ก)$ก2
$,	-+-	*/2	- $ก ก., 
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$,$$! ก- 
).  $' +-(-ก$%$,-$
$! 98*,ก%	*ก'-%"ก casting +",",(	* 3 
 (2)  %	*ก'-(<	$  "   %"2ก, (Hollow 
fiber membrane)  %"	$  (Tobular membrane)   
                                       
                              (a)                                                          (b) 
( 2 (a) %"++-ก$%                             (b) %"	$     
 
 
( 3 ก%	*ก'-%"ก casting 
 
1.6.1 7	
	8#	 (Natural Rubber Latex) 
 .,6 	*/" ก, ก'-(<$,(< 
$$"! 
(colloid) )$+$ (dispersion) 98*,$
3", -ก- "ก- +$$2	*
(<ก, (dispersion medium) "	*/(ก9* (serum) "$,$
3",$2, 
20-5000  (-' 85% $,3",".ก"ก 400  2ก	.
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,$
	*"2&4+ก$$ก.9* '-	*$
	*"3กก/(  -+ก$$ก
 ก.,"/"ก 	2$
.(/(ก%,., (skim latex) 
%"	*/($,.," -
+(-' 0.975-0.980 ก$  
pH (-' 6.5-7.0 
)"(-' 12-15 centipoise (-ก$%",.1 
 
 $,+3,	.," (Total solid content, TSC)  27-48% 
 ).$,+, (Dry rubber content, DRC)   25-45% 
 ก(       1-1.5% 
 ก9       1-2.5% 
 .4                       ,48, 1% 
 .              1% 
 .       	*)$ 
% 100% 
 
.,"(<	*/" ก6",.(-ก$% 8,$ก  ก

+ก,-,(' TSC +- DRC (-' 3% 2& -(<( 98*,
8*,8*, --
$2. 8*,2*$%$,$
, +-$ก8*,2* -$2	$"!  
 $ ก/".," -$,
!(-ก$%ก 3  ",. 
1. $,$
3", 98*,$(-' 35% ".ก$,., 
2. 	*(<. )$9* $(-' 55% ".ก$,., 
+(-' 
1.02 ก$ (-ก$%"",   
- 
!%/?"	*(<ก+(A,+-.2&(<.2ก 
Quebrachitol  glucose sucrose +- fructose 98*,.. -4ก
+%
	2(<$ ก"(5กก$2ก"ก	*
"3ก7 (short chain fatty acid) 	*(<	2. ,ก"ก
&+-ก(<ก$ ก".(<ก"	*-/",  8,
ก)*$ VFA (volatile fatty acid) 
                                                        
1Blackley, D.C., Polymer Latices Science and Technology Vol.2: Type of Latices, 2nd ed., Chapman&Hall, London, 
78-82 (1997). 
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- (+-ก"$- 98*,( -$ก"" 
Isoelectric point +ก,ก  %(	* Isoelectric point ,
42(- %ก	*(<2.,& 
- $)*7  (<	*(-ก$%$,/ $- $, 

+-	$ ก"$	!(	*/2"ก"$-)$%$
$	!("O-ก+	9 +ก9 +ก9 3ก 
+-	$,+",) +-,(-ก$%"/9/9!(-' 0.25% 98*,(<ก
ก"/?"/9/9!$-  $ก ก.%.$ "2.,
"  98*,.$.$+*2	$.,  +-/$$ก$7
ก%.,  .,"ก'-O-ก*ก%ก	* 4(*+(,
$	!,7 /((</?"
!%$ +-.$ก3(<
&2ก
(*",ก, 
 
3. $,$
$)*7 	$"! +-$
:!-*, (<	*)$$,ก)$%	.," 
(-' 10% ".ก$,., 
 
1.6.2 ก	&-
	 (Rubber Processing) 
ก'1!, ก-%ก
/9* -ก2ก-4 )*$2ก"6-
)*$, 	2,%	*"8.
)$

, /ก* / +-/-2	-
(< 	*(<.-ก-4	2ก$,,)*$$ก 98*,ก)*$$ก-,
ก.กก crosslink กก"ก)*$,2, -	2ก$,,2&8. ",+",
2(	* 4 ",.ก$)*$4ก
$)$+3,)*$3 8,(</(/"ก 	.,ก-2
	-ก3(</(/"กก -(<,+
ก%	. ก2ก-42,4*,
('*8.ก crosslink ก3 -('	**8.)*$7 +-%$,, 
	$
+,"8,(tensile strength) 
+3,(hardness) "(modulus) --)"ก$"(elongation at break) 
+-
ก-",(resilience) $,,ก3(*+(,/( crosslink "  
 
  
 
 
 
 
 
 
 24 
 
 
( 4 (5กก
/9!,6"ก-4 
 
1.7 ก	&
ก	ก	ก7	#ก$
%&9' 
 %ก2)*$+2ก+ก$-9-%	$-$	$ $$ก ก-.  -
ก2)*$+"	*ก". (hydrophobic membrane) )*$, ก%$,%	$*$, "	*
 -42$!""ก   Polydimethylsiloxane (PDMS) )$	* ก"	*/(
,9
 Polyoctylmethylsiloxane (POMS) +-,6 (<  "ก'-	*(<)*$+
+%%+ /
,,	*(<2+ -(-ก$%"$!	*(<).$"ก (Ho 
and Sirka 1992) ",.ก-%ก+ก
 -ก"8."ก""9% (adsorption) 	*$,)*$+
ก$	* -ก"ก+ (diffusion) 2$!)*$, ก
,ก$,
)$

" (concentration or pressure gradient) 98*,)*$ '48,%	,ก+-
$,$	!
"3ก (ก/ก700 ") + -%)*$++%%+. -
-ก
2ก+กก",ก ก8กก2)*$++%%+2ก+ก$	!/"ก8ก
ก)$% 100 (0+"8กก+ก$,$, toluene/albumin +,,
-! (Kober 
1917)  ก./"ก(-ก!2)*$++%%+",ก2-%%ก+กก@9 $!+(
$!*+-$!+	ก*(<  
%ก '	* -)$ก2-%%2"2ก>ก-%กก%	$.  กก
	%	'ก	*ก*$,+ %-%%$!+($!* /"%
(<$,ก/" 
"(<ก2&&ก2ก	2ก",$,
"-,	.,$,"$,)*$+ 98*,ก
+ก -ก"8.)*$, ก
42ก+)*$+	*+ก,ก-,%	$+-. 
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"2	,(5% )*$+
 -
'%2ก
")$ก/"""O-ก$2%	$
/""+-
	* -
	., $ก ก.
$,)*$+ -$$ก+
$,$$	 "	*)*$+	*%, -	2$ก+$,%	$	*,ก)*$+
	*ก 98*,ก2)*$+,(-ก$%	*.	*%, -	2:ก9!$,%	$
, (Huang 
1991)   (  +",กก	,$,-%% $!+($!* 
 
 
( 5 กก	,$,ก+ก"2-%% pervaporation 
 
 กก	*/"ก/ก$.+ ก4	2-%%$!+($!* -ก"8.
)*$+ (2	*. - '. )$ selective layer 	.) "2
,$,
"/$(<
+,%" (driving force) +-4	* -$6%/""2ก/กก--ก+ (solution-
diffusion model) 98*, -.$, 7 	*ก*$,$ 3 .$
)$  
1. ก-)$ก""9%	*$,)*$+ (adsorption)  
2. ก+)*$+ (diffusion) +- 
3. ก
$$ก ก)*$+ (desorption)  (Wijmans and Baker 1995) 
 permeate  -
)*$	*"ก+ (diffusion)  ก.$,"(A$98*,$*,/ก

)*$	* ก.. stagnant film )$ aqueous boundary layer .$,)*$+ ก$	*
 --ก(</$2)*$+ +-
$$ก (desorption) $$ก$2($,ก@9.$, 
gas boundary layer ก$	* -4ก	2ก"ก
%+$/(  ก	*/"ก+-%% 
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pervaporation .(<ก2
,$,
"(<+,%" (driving force) 2ก	2ก" 
permeate ".$,)*$+ "$ก4	 -)$:ก9!$, i (J
i
) 4

/"",ก   
 
  )...( * Piiiiii PypxQJ −⋅= γ                                  (2) 
2	*. iQ  
)$
$!+$9! (permeance) 98*,(<
(-	6Iก4	$, i, xi 
)$
"$, i 2"(A$, γi 
)$
 activity coefficient $, i 98*,4
'"
2ก UNIQUAC, p*i 

"/$$*$, i 98*,4
'/""2ก$, 
Antoine vapor pressure equation, yi  
)$"$, i 2"$!$	 +- PP 
)$

"2"$,$!$	"%.  
1.8 :;ก.%!1	##&%&9' 
ก2-%% $!+3($* 2ก+ก%	$$$ก ก- /"ก(-ก!
ก%กก24,ก)*$ "(-,
!ก2ก*2ก%กก+%%ก-)$ก8*,ก-	*	
ก$"	*/( 98*,-%%",กก4,(5ก'!%"2$!+3($* 
(pervaporation membrane bioreactor) ",+",2( 6 98*, -(<ก(--,ก
"+ก
'1!$$ก ก-%%+-*(5ก	,
	*ก"8. (Giorno et al., 2000) ก+ก
'1!$$ก$" -	2
$,'1!2.ก*$$ 98*, -(-!
ก 2ก'	*'1!2กก$2ก"
(<$,(5ก	,
 (biocatalyst) 
 %	$ (< $ก ก.+ '1!	*4ก+ก -
%	6I, *, )$($ 	2
4/(ก-%ก	2%	6I2.$/(/"$,(-	6 (Lye et al., 1999)  
$/"(%, 7 . -/(ก""$,4,ก, ()*$(%	%ก%$,
%	$	*	ก) 	24"		.,	
,	*+-	+(, 7 ,/" ",.
, ก*ก%กก$-9-%	$-$	$2(;  % /",2ก>ก+ก
'1!
%
ก%ก-%กก",98*,4	/"6 ก"ก@9 (stripping), 
กก""2	-$	!, $!+3($*, $!+	ก* (perstraction) +- ก""9% 
(< (Qureshi and Maddox 1995; Ishizaki, Michiwaki et al. 1999; Qureshi and Blaschek 1999; 
Qureshi, Meagher et al. 1999)  
 
  
 
 
 
 
 
 
 27 
D
iffusion
 
( 6 +ก	"$,ก+ก%	$
%
ก%ก-%กก"-%%$!+3(
$* (pervaporation membrane bioreactor) 
   
   
1.9 P`91/2B@7aM<@R7/@ก3/J-P8: 
1.9.1     8ก48,ก)*$+,(-ก$%	*%2ก$2%	$/"" "2
	

ก(*:+%%(0ก+-+%%+, (dry-wet phase inversion method) 
1.9.2 8ก(-	62ก+ก$-9 %	$ +-$	$ $$ก ก-"
2
:ก9!+-(-	6Iก+ก (separation factor) (<ก" 
1.9.3 (%	% (yield) +- (productivity) $,กก+%%ก- ก8*,ก- +-
กก24,(5ก'!%"2-%% pervaporation 
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566GF 2 J-bG9I3DH-Hก3/J-P8: 
2.1 J8.c`9-5KL2B3/D70G 
 !' 5) 2 (Sigma, Singapore) ก7! ก'4+
0#กH37! *		0+'$'0C&')$	''
260!3 '*37! 7ก$*4* 3 !$*32ก"กH (1) '2''2"!
0ก')*/$-/5)5 (Polydimethyl siloxane, PDMS) #ก Sulzer Chemtech GmbH, 
Switzerland 2*ก 3 !$H '!0ก'!$"7	ก5กก'	C! 
(Ceramic/Natural rubber, NR) '!0ก'!$"7	ก5กก'	**-'/$* 
(Styrene-butadiene rubber, SBR) 2 '!0ก'!$"7	ก5กก'	'ก
5**-'/$* (Carboxylated styrene-butadiene rubber, XSBR) H3+ *301!4Hก
" 7ก$Gก-C&ก+"{' )$	4 4 !$4ก7! 7
ก2	ก'#ก	!$ ('/4+) *3  	0
 	 1.25 L 10 0/0 22	ก	*3!$ (5)/'/
/4+) *30ก'/0$ 	 5) 3 ก" ' 10 ก" 2 1 ก
" )$	ก+$  "*4*3')$	3/074+ก!*& 4	
2*3!$ก+ก$2	ก*3&*32ก"ก" 35 G 80 55*	 *3 1 
!3) 
 
2.2  ก3/D./G:0D00D5/HP3กHdI3:3@V3/3 
742ก4 #+4+	$+กก6'ก-)$	ก/"2)*	74+	 )$	 
!"	กก#	 Sodium Dodecyl Sulfate 2!"	ก-&/"7 4+	'$ #ก4 #
+กGก-'H4w4+	C!H3'20*3 *"กG40!" 0
2$"**374+	 /$ 2ก" Crosslinking agent,  "2ก  #ก4
#+กG40	)$	ก'ก0$H37 *ก-012"' (flat sheet membrane) 2 +
ก'*3&"{ Gก-ก0*3	20'ก	&'	 ก"*3#
+กGก-''ก+7 	ก 2ก'C!H3)	'	7 *
3+ #ก4#+'*3/$ /0$'ก$$5'' H3*3#!$
'*3$**3$ H3*3#+/07! 7''260!3"/0 
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74$#01กH'	C!'!4' (supportive layer) *3
*	/ 2 )$	7! H30$ (0& 7) H3+ *301!4$Hก (selective layer) )$	 ##
7! กH'$ 	C* Spray Dry H Dipping ก6/$ )$	*#$07 *$
7  	*3$ 0 1-2 / กH'4+/$ 	C* )$	##+กH'#ก$ 
ก #2$/"!'4+ (hydrophobicity) 2กกก4+"/$ $* 	H32"!0ก'*3
/$ 4#ก+/0+ก$'$ 	H3H$'" { !" ก$'w$ 	ก 
2''"ก$ (SEM picture) ) &	72!4, ก$'G
262"7	ก$ 	ก" tensile strength 2 Youngs modulus *ก$ 	  
 
 
0& 7 H3H*37! 7ก'2''2"$ 	H30$ 
 
2.3 ก3/D./G:0D00D5/HDe-@1/2ก<5P3ก:3@V3/3 (Composite ceramic/NR membrane) 
 *)ก	!$*37! 01H'"7	ก 2"7#	*4 ก7! 
	C! (Natural rubber, NR) 5G37! 01!4Hก""7	ก!0ก' 7ก'ก
H'4 0ก'$ 	 4 4กH (1) ก*	กH'$ 		yก5 (2) ก7 
 *3& 50 55*	 (3) กH'&	7 &((ก 2 (4) ก+7 ก$
ก!H3"ก"!4'2"7	ก5ก ก'กHก!4Hก""{*
$*4 "7	ก5กก+/0$20ก' ก'"' (Housing) *3*$ 20-25 5 
74ก*	"7	กก+/0#"7	yก501 60 * *3& (25 
55*	 !H4C 	 60) $ 	ก7  *3& 50 55*	  4 
!3) #ก4ก+7 	6*3&  2 #G+กH'*3&((ก)$	ก#""
7	ก7	H'2+ก$$01 1-4 * 6#2 #G3
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ก'ก!H3"ก"!4'2"7	ก)$	7! & 50 55*	  24 
!3) 
 
2.4  ก3/69L<@/255DV</aKJg1V<D/e8FH (Pervaporation) 
 ก$4''ก$260!3ก2'"ก01 2 ''ก$4G4	"ก'!$
'*37! H!$'2''2"'- Sulzer ChemTech 2"7	ก!0ก'
#ก	C!2	 $2$7 670& 8 (') 2 (") +$' !$ก
$42ก01!$'2''2"5G3ก$/ 72"6ก/  )$	*	0 2 *3
'#	"7ก!*&$ 3  ก07 /" '2''2"*36 10 
"!3) 2 #G/ก' "ก!*&*ก4G3)$	7! peristaltic 087ก+7 ก$
ก/ (Masterflex®, Cole parmer, USA) "!$ก$4*301'!$"7	ก!
0ก'5G3ก#"/0)$	ก'$ 70~ก!*&*3'#0$*3ก"2 4 
4!$ก$4*ก'&	0)$	7! "'& (Julabo, 
Germany) 	0 (Feed) ก'$*3$'	ก *3$7$ 
 #ก'$*3 5 ' )$	7! 08((ก*35G3"ก'H3'$ 
(Vacuum controller) 	*32	ก/$ ก+7 '2"7$$ก#')$	7! /)#01
7 	6H37 37#/$ " #ก$ก#'/$ )$	' ก#ก*42 4
	02	*32	ก/$ กก6'H3+/0  !"*3ก+$ (0.5-1 !3)
+'ก2	ก	 2 6 !3)+'ก2	ก#ก4+ก!*&)$	C* in situ 
product removal) "Iก5 (Total flux, ก""!3)) 2"ก$Hก 
(Selectivity) ก+$ก " 
tA
WTotal flux
×
=      (3) 
x)(x
y)(yySelectivit
−
−
=
1
1      (4) 
H3 W H 4+ก	*32	ก/$ (ก), A H H4*3' (), t H 
*3+กก$ (!3)), x 2 y H $"4+ก"0ก'7	02
	*32	ก/$ +$' 
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( 8 ก "ก	"$,ก+ก%	$$$ก ก.ก"%"++%% (flat 
sheet membrane) "ก/-$$ก"$ก4,(5ก'! 
Vacuum
pump
Liquid N2
Bioreactor
Feed
Oil bath
T1
Liquid N2
T2 P1
Membrane
 
( 9 ก "ก	"$,ก+ก%	$$$ก ก.ก"ก %	$2ก,,(- 
ก$%,24,ก", 
 
2.5 กก	#ก -	-	 (ABE fermentation) 
       2.5.1 *!
%&ก	!7
57 
 Clostridium acetobutylicum TISTR 1462 (<).$	*22, . 98*,% ก4% 
	!+-	
+,(-	/	 (Thailand Institute of Scientific and Technology 
  
 
 
 
 
 
 
 32 
Research, TISTR) ).$4กก3%(<($!	*ก- $2.ก*	*$' 2-4 $,99 
$.,).$4ก-$"",$/(. + cooked meat medium 2.5 ก 2" 25 
	*P(H" ".ก* 20   20 	  ก.ก
 0.2 ก 	ก8*,W).$
$.,).$2
)*$,W).$	*$' 121 $,99  15 	 +-"ก	23	*
$' 75 $,992-/$ก , ก. 0.2-0.3 $,($!	*ก- 
2.ก* 98*,2$"	"$,/(	ก heat shock 	*$' 75 $,99  2 	 
+ 8,	23		".3  1.5 	  ก./(%2-/$ก	*$' 35 $,
99  18-24 *, +-)*$*ก &  8,).$.(' 2-3  ,2$
.,).$ 230  
 2.5.2 <3O3/DLGd:@DeEd< 
 *4	!H4*37! 7ก$*40ก'/0$ 	 20+0*3"ก	"	2  
(hydrolyzed starch) 50 ก/, yeast extract 5 ก/, Ammonium acetate 2 ก/, KH2PO4 
0.75 ก/, K2HPO4 0.75 ก/, MgSO47H2O 0.40 ก/, MnSO47H2O 0.01 ก/ 
2 FeSO47H2O 0.01 ก/ "*4ก'#7$*3*0J$$ 1.5  ก"+ก"	!H4 
*4	!H4ก+/0"!H4$ 	H3G3"!H4*3& 121 55*	  15 * (p-
aminobenzoic acid 0.01 ก/ 2 biotin 0.001 ก/ ก+/0ก"ก$ 0.45 
/) ก"*3#7*4	!H4*3	62 #กG3"!H4) 2+7 	6*3 35 
55*	7&!/ กก"*3#+กก7ก!*&*3& 35 55*	 
 4-5  
 
2.5.3 ก/25JHก3/O08ก 
2.5.3.1 ก3/O08กK55ก2 (Batch fermentation) 
 ก'กก2''กก+7ก!*& (Satorius, Germany) $ 3  5G3'#
*4	!H40 2.07  #ก4+!H4*3'" 18-24 !3) 0 0.23  "	7ก
!*& ก{ก$ก'&ก#(*3 35 55*	 2" pH *4	
!H4ก0'01 6.2 ก"ก"	ก ก"3 กก !H42*4	!H4&	7ก
!*&ก+ก/"กก)$	7! /)##ก*3"	!H40 30 * 6
กกก4/ *3 100 rpm (H3!"	7 ก$3+7กก&	7 &/ ก) 
	"กก6')$	C*0$!H4*3ก+$$*3ก"2 7  H3+ก"/0 
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2.5.3.2  ก3/K:ก ABE R9:DV</aKJg1V<D/e8FH7J57h;ก85ก/25JHก3/O08ก (Extractive fermentation 
using pervaporation technique) 
 ก'กก ABE )$	C**401กก'ก2ก'ก2	ก
*3/$ ก+&	7$*	ก )$	7! *4	!H44$0 2.3  +กก
7ก!*&$ 3 !"$*	ก27! '2''2"!0ก'7''ก2	ก
260!3$2$70&*3  9 &7$7C**4กก+$7 Hก'
ก'กก2''ก$*3/$ C'	ก"  )$	ก'กก#ก0"	7 $+/0)$	
0ก7 24 !3)2ก #ก4 ABE *3G47ก'กก#Gก2	กก)$	7! ''
260!3 4+ก!*&ก+7 /" 'ก"*3#/ก' ก
*ก4 7ก$*408((กก+7! H3+7 ก$''$*301((ก #กก
$7! 0 102 !3)7ก+กก22	ก/0 {ก 5G3ก{ 6 !3) 
	"4+ก*3ก#ก'ก" "ก (retentate) 2*32	ก/$ ก+กก6'H3
+/074"/0  
 
0& 10  ก$กก ABE  ก'''260!3 )$	7! '!0ก' 
!$ ceramic/XSBR 5G3#"/074+ก)$	 (submerge membrane) 
  
Ceramic/XSBR 
Membrane  
Water bath 
Cold trap 
Bioreactor 
Vacuum controller 
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2.6 J-bGก3/J-D7/32OaiLก3/69L<@ 
2.6.1 HdI3O08กeGJ=3V 
   574+ก!*&ก")$	ก2"5*3 600 
) (OD 600) )$	H30))I) "7ก ABE (ABE 
Productivity) ก+ก+#ก"   ABE (g/L) $ 	7ก'กก 
(!3)) 5G301!"42"3 กก#G*3ก'   ABE ก*3$
7ก'กก  ก#ก*42 "*3/$ 5G3/"*"	7ก+ ก$#ก0 
ABE 4$*3/$ 7''$ 	04+*3ก7! /07ก'ก 
2.6.2 7J30DMT0MTHM<@iL-.=8jka 
   +	*3+#ก	"	24+ก!*&
4#ก02&v ก+ก$ 	H3 SRI 8610C Gas Chromatography 
)$	7! Carbowax column (Restek, USA) $ 30  x 0.32  27! Flam Ionization 
Detector (FID) 2กy**	'Cz 99.99% ก7! 01*3ก/ 20 /*  &
*3*$	"2 FID H 50 2 200 55*	, +$' "&7  ก
ก+$7 3#ก 50 55*	#G 200 55*	$ 	6 15 55*	/* 
2.6.3 7J30DMT0MTHM<@กLhR7BKL2ก/9<-H6/G:a 
	"*3*5H2	ก08*3 14,000 rpm  2 *7 microcentrifuge 
ก)2ก$*	 (ก$5ก2'ก) 74+กก$)$	7! H32	ก
0C& (HPLC) )$	7! RI detector (" 1200 5**, Agilent Technology, USA) 2 4 mM 
ก$5Iกก7! 01IH3*3 &/$ $+ก*3& *3*ก/ 
1.0 ml / min 
  
 
 
 
 
 
 
!' 3 ก	$&	.% 
3.1  ก	!
###!')$	ก7	
	#	7	
	8#	ก7	
		%$	 < 
 3.1.1 ก	&$=ก&ก	# 
ก	$+,"8,$,:H!,6 (Natural rubber, NR) .,,
-!" 
Styrene Butadiene Rubber (SBR) +- Carboxylated Styrene Butadiene Rubber (XSBR)  +",2(
	* 11-12  %:H!,6
	$+,"8,," 	.,.)*$, ก,64ก"
8ก)*$/"%+,"8, ,	2ก$,,
+3,+,ก8. 2'-	*:H!, SBR +- 
XSBR ก	$+,"8,*" )*$, ก,/4ก"กก8ก)*$4ก)"  	2)*$., 
SBR +-., XSBR ,2.,6,2ก	$+,"8,$,:H!,",   +-
ก	"$%ก	$+,"8,,ก%,	*$' 70 °C (< 7   %,
6

	$+,"8,",$,3/"" 	.,.)*$, ก,66-
	*/4
$
$   8,	2ก"ก"$,9	2ก$+,"8,", +ก., SBR 50 
8./(,2ก	$+,"8,*8.)*$, ก, SBR $32ก
,(ก,
6 ",.ก%, 8,)$(<ก
,(, SBR 2ก"ก)*$,*8.	2ก	
$+,"8,*8.,ก%, 2:H!, XSBR %",,3ก$, ก
ก%, 
 300% " $,:H!, SBR 98*,+",2(	* 13 %ก	$+,"8,
2ก
,ก%:H!,6 + -*8.3ก$,ก%, 2:H!, XSBR 
98*,+",2(	* 14 %ก$ก%,:H!,ก	$+,"8,2ก
,ก	ก$ก
 "	*$ก$,., XSBR : ., NR (< 0:100, 25:75 +- 50:50 ก	$
+,"8,ก$+-,ก%,2ก
,ก +*8.,ก%,2:H!,	*$ก
$,., XSBR : ., NR (< 75:25 +- 100:0 --)" '  ""$,:H!, 
SBR +- XSBR 98*,+",2(	* 15-16 +",)*$('., NR 2*8. 
98*, -2ก
,ก	.,ก$+-,ก%,   
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( 11 $,$$,., SBR ก%.,6 (NR) $
	$+,"8,$,:H!
, 
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( 12 $,$$,., XSBR ก%.,6 (NR) $
	$+,"8,$,
:H!, 
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( 13 $,$$,., SBR ก%.,6 (NR) $
 300 % " $,:H!
, 
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( 14 $,$$,., XSBR ก%.,6 (NR) $
 300 % " $,
:H!, 
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( 15 $,$$,., SBR ก%.,6 (NR) $--)" '  "" $,:H!
, 
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( 16 $,$$,., XSBR ก%.,6 (NR) $
--)" '  "" $,
:H!, 
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,	* 4 %ก	$+,"8, 300% " +---)" '  "" $,:H!,6.
, SBR +-., XSBR 2$,7 
	ก	&$=  (MPa) 300%  	#$- (MPa) 

5$ . *$,	$ (%)   
ก# # ก# # ก# # 
NR 28.63 15.08 1.16 0.94 1134.6 940.1 
SBR 2.26 5.51 1.4 4.73 414.16 312.47 
SBR-25 15.22 11.6 1.3 1.57 867.84 789.4 
SBR-50 3.59 4.26 1.34 2.23 569.26 427.2 
SBR-75 3.26 4.27 2.07 2.63 373.47 377.4 
XSBR 5.34 4.56 2.54 3.7 422.16 333.5 
XSBR-25 14.06 6.37 1.52 1.35 905.36 883.16 
XSBR-50 6.06 4.53 2.16 2.15 622.58 505.5 
XSBR-75 4.86 7.12 1.80 3.96 528.5 436.16 
 
 
3.1.2 ก	$ก	$-$ 7	&	 
ก	"$,ก""9%.+-%	$$,:H!,6., SBR 2
$,7 +",",(	* 17 %	.,ก""9%.+-$	+3ก	+*8.)*$('
., SBR 2*8. 98*,. -,ก%ก	$+,"8, 98*,:H!,	*4""9%
/"ก -
ก	$+,"8,* )*$, กก)*$,)$
+3,+,$ ก""9%%	
$%:H!,6/4""9%$	+3ก	/" +-)*$('., SBR 2
*8.ก""9%$	$+*8.,3ก$ 
ก	"$,ก""9%.+-%	$$,:H!,6, XSBR 98*,+",2
(	* 18 %ก., XSBR ,2.,6 	2ก""9%.*8. +('
$,., XSBR 	*,/(/$ก""9%."
ก""9%.2ก
,ก2	ก$
 ก""9%%	$+*8.3ก$ )*$('., XSBR 2
*8. 98*,$ (< ก
!%$ก9ก (-COOH) 	*$(9$,., XSBR 
(<
.	2:H!,.*8.3ก$  8,	2ก"ก""9%*8.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)*$(%	%:H!,6	*., SBR +-., XSBR 2$
"ก% 	*$$,., XSBR : .,6 (< 25:75 +- 50:50 :H!,
 XSBR 4ก""9%.,ก:H!, SBR +	*$ 75:25 +- 100:0 
%:H!, SBR 4ก""9%.,ก:H!, XSBR ก""9%%	$ 
. %2ก
,ก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( 17 $,$$,., SBR ก%.,6 $
ก""9%.+-%	$
$,:H!, 
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( 18 $,$$,., XSBR ก%.,6 $
ก""9%.+-%	$
$,:H!, 
ButOH 
ButOH 
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3.1.3 ก	/=ก>		.?	
	 (Morphological examination) 
)*$ '4 	!$
$+%%$,ก" (SEM) $,:H!,6
., SBR +-., XSBR ",+",2(	* 19 %)*$., XSBR ,/( 25  
,ก3:$,, XSBR  (") ก- $2:$,,6 98*,(<:$)*$,)$(<
ก9!  +-)*$*(', XSBR (< 50 :$,,6 () "$,+:
$,, XSBR *8. +-)*$*, XSBR (< 75  -3(<"(<2&*
)$(<
:$,, XSBR :H!, SBR 98*,+",2( 20 ก'-$,กก- "ก%
2:H!, XSBR +:H!, XSBR ก"กก- "+-*$กก 
 
 "%	*ก%$ก ",	*ก%ก- ก 
(A)  
XSBR-
25 
  
(B) 
XSBR-
50 
  
(C) 
XSBR-
75 
  
( 19 4 SEM $,:H!, XSBR ,6 	*$, 7 (A) 25:75   
                    (B) 50:50 (C) 75:25 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 "%	*ก%$ก ",	*ก%ก- ก 
(A)  
SBR-25 
  
(B) 
SBR-50 
  
(C) 
SBR-75 
  
 
( 20 4 SEM $,:H! SBR ,6 	*$, 7 (A) 25:75 
                    (B) 50:50 (C) 75:25  
 
3.2 ก	/=ก>	81	ก	&
ก	,##$
%&9' 
3.2.1 ,	#,#,,	'#@ก %$
#& @ก %	  
ก+ก$,%	$"	

$!+3($*"2"%	*+ก,ก 3 " 
98*,(-ก+ก/"	"$% ก-%	$/. 	*
%	$* 1.25-
10% v / v 	*$'	*+ก,ก ก 35 - 80 ° C  ก$'	*ก"ก%ก*8.2-"%

%	$*%  %,(-ก$% PDMS %:ก9!$,.	**8.3ก$	*
 "*$,ก*
%	$*+-*
,	*	*-"%
	*,8.  $,/ก3
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:ก9!$,%	$*8."	**8.ก%
$,%	$*+",2
32(	* 21 
6!,$,:ก9!$,%	$+-*  .23ก98
$,%	$	*
,	* ก2,
 )$ ,*	*8ก (	* 22 +",23
%2ก,,(-ก$% NR +",23ก*8.ก)$%(<,$,:ก9!%	$

ก%%+%+ก	*$'*"	*+",233ก$	**8. $ก ก.:ก9!
$,%.*8."ก*
$,%	$*"ก%:ก9!ก98
$,. +	*$', (70 +- 80 ° C)  :ก9!$,.",3ก$	*
,"%	
$*2 2ก '$!+3($*$,%2ก, XSBR, :ก9!	.,"+-
%,$,ก984ก+",2(	* 23 ก8ก%:ก9!	.,"+-:ก9!$,.*8.
(<,ก%ก*
$,%	$*	* 1.25 - 2.5% v / v, , ก.*
,	*	*
-"%
	*,8. $,/ก3:ก9!$,%	$%+	*
ก%%	*ก
48,ก$.  ก$,	.,%  (ก5ก'!	*ก"8.4$6%%).=$,ก
(56! membrane-permeant .(<	*2 %	$98,2%98*, -,2ก"ก
%$,%  ,2(*8.+-
)"$,$$!	* -$
-"ก
2ก98$,.% ).2$,%	., 3 "(<+%%/$%.+-"

)$%/,ก-	%$ก-.2% $ก ก.ก,ก%ก*8.$,:ก9!
.(<ก)*$, กก98	**8.$,% 2	,ก%กก98$,%	$	*
"
 -/"%ก-	%	.,
*+-
'%ก98% "
)$%	* ก

6!	*+3,+ก,ก%%	$ (Fouad +- Feng, 2009) )*$, ก organophilicity $,"

)$%%  2ก""9%%	$2% -4กก(%(,98*,(<$,ก2
"
)$%)*$(%(, permselectivity $,% .
$"
$,ก%$,ก2
$,%	$ pervaporation )*$+ก$$ก ก- )$ ,$ (ether-block-amide) 
% (Fouad +- Feng, 2008) 
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( 21  $,
%	$*$:ก9!" :ก9!$,. +-:ก9!$,%	
$"2%,(-ก$% PDMS (Sulzer Chemtech, Switzerland) 
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( 22 $,
%	$*$:ก9!" :ก9!$,. +-:ก9!$,%	
$"%,(-ก$%" ceramic/NR  
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( 23 $,
%	$*$:ก9!" :ก9!$,. +-:ก9!$,%	
$"%,(-ก$%" ceramic/XSBR  
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3.2.2 ,	#,#,,	'#	#,#,,	%#  

$,%	$2-	*+ก/""ก2%	*+ก,ก"
4ก+",2(	* 24 98*,% PDMS +",232 permselectivity 	*"%ก+ก%
	$ / .	*+",2(	* 24(a) 	*
	**	*ก"%	$2-	*+ก
/"*8.(<,+-	*
	*%	$* 10% v / v  

$,%	$
	*+ก/",	*"	ก% 400 ก /  ก*8.$,
$,%	$2-	*+ก
/".,%2-%% pervaporation 	*2,%2ก,,(-ก$% NR +*8.3ก$	*
$'*"$,ก	"$,",+",2( 24(b) )*$, ก n-%	$(<	-	*.,
+-	2$%+%%/$%.(<$,ก  . -*ก-	%$:ก9!98%
	$ ,2ก*
%	$2-	*+ก/"  $,/ก3ก	"$,$!
+3($*$,%	$ / ."2%2ก,,(-ก$% XSBR %+กก%
%$)* 7 ",+",2( 24(c) 	*
$,%	$* ก 1.25-5.0% v / v %

+ก,	*/
&2
$,%	$	*+ก/"+-	*
,"$,%	$
* (10% v / v) %ก*8.,2
%	$	*+ก/" 98*,+ก 
(*8.2'-	*",2$'*) ก%%	*/"กก$.  
'ก'-.4
22ก
)$%$
ก$,98*,ก$2ก"ก+,)*$""9%-	*$,ก/"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( 24  $,
%	$*$
%	$	*+ก/"$,ก	"$,
$!+3($*"ก2%,(-ก$%: (a) PDMS, (b) NR, +- (c) XSBR 
Feed butanol concentration (% v/v)
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3.2.3 ,	#,#,,	'#	ก	$5ก	 
	* 25 +",$,
$,%	$*$
ก
")$ก%	$	*
$'ก	"$,	*+ก,ก"2"%	*+ก,ก 
ก
")$ก%	$98*,(<
%,.$,('$,	*+ก/"98*,
6!ก%
* +",23ก",
$ก%
"%	$*)*$2% XSBR ("	* 25(c)) +-$	*",
 ก)$%
,	* ก-	*,*8.3ก$2,
%	$*	*,	*"  6!.



8,ก%ก$!+3($*"2%2ก,,(-ก$% NR ",+",2 
25(b) (ก5ก'!.4$6%/"2	$,"กก%ก	"$,	*/"ก/(+,  
)*$, ก%	$
)$	-.	*+3,+ก,+-". 8,42ก8"ก-ก%.
)*$, ก6-/?" 	*+3,+ก,  . -*ก-	%$ก98-,.+-%	
$  ,2ก",$,

42ก
")$ก  +.
$"
$,ก%
ก	"$,	*ก"8.ก$.%ก+ก ABE  ก- )$ , (Liu et al, 2005) 2	,
,ก%,(-ก$% PDMS %*8.$,

")$ก%	$	*,+ก2ก*

$,%	$*ก$	* -*8.3ก$+- / )$",	*
*,8.
8.$ก%$'ก	"$,	*2 ( 25(a)) 	*/"..23% PDMS 2(-	6
ก	,(<%	*"	*"2+,$,ก98	*$', 
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( 25  $,
%	$*$
ก
")$ก%	$$,ก	"$,$!
+3($*"2%,(-ก$%: (a) PDMS, (b) NR, +- (c) XSBR  
Feed butanol concentration (% v/v)
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3.2.4 ,*.1-#@ก %ก	 =#	&ก	$5ก$
*	ก	ก* 
$,+",  	*
	**	*ก"  ก*8.$,$'2ก
", -*	.,:ก9!ก98+-ก
")$ก$,	.,% PDMS +- NR +-
+ก2% XSBR  $,/ก3$'	, !$,
&$
(5ก	*ก"8.  
+($,

,	* k  ก%$'$6%"ก Arrhenius: 
 
k = A e
-E/RT
                                (5) 
 
)*$ k 
)$

,	*$, A (<

,	* Arrhenius, E 
)$,,ก-$,(5ก, R 
)$

,	*+ก@
2$"
, +- T 
)$$'%'! 
ก+(($,$'$,:ก9!ก98% PDMS %(</(

6!$, Arrhenius ",+",2	* 26 +- 27 98*,:ก9!ก98%,$,%	
$+-.4ก,3$$$'  98*,(ก5:ก9!%	$
(*+(,/$
$'กก:ก9!$,.2,
*	*8ก  $ก ก.ก+(($'
$,:ก9!ก982% NR ,%+
ก  +",2	* 28 +- 29 
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( 26 Temperature dependence $,:ก9!%	$	*
%	$*	*ก"2
"2%,(-ก$% PDMS 
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( 27 Temperature dependence $,:ก9!.	*
%	$*	*ก"2"2
%,(-ก$% PDMS 
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( 28 Temperature dependence $,:ก9!%	$	*
%	$*	*ก"2   
"2%,(-ก$% NR 
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( 29 Temperature dependence $,:ก9!.	*
%	$*	*ก"2"2
%,(-ก$% NR 
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( 30 Temperature dependence $,:ก9!%	$	*
%	$*	*ก"2
"2%,(-ก$% XSBR 
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0& 31 Temperature dependence $,:ก9!.	*
%	$*	*ก""2
%,(-ก$% XSBR 
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ก Arrhenius 
 T +- k *8.+%%$ก	8 2
 natural Log ก	.,
$,,$, (4.1):  
(6) 
",.3$ ln K 	%ก% 1 / T +",23(<,
 -E / R %
(5ก
$, E-(<%ก+-"2&98*,+",ก*8.$,"32$กก"(5ก	*
$'ก" 
,,ก- (activation energies) (<%,%$ก
ก$,$,$'$,:
ก9!ก9898*,/" ก

$,,$,
6! Arrhenius 4ก+",2	* 
4.12 % PDMS, NR +- XSBR "% ,,ก-%ก98%	$$,
% PDMS +- NR $2,$, 42.5 - 52.4 +- 54.2-75.6 J / mol "%  98*,,ก,,
ก-%ก98.$,%""ก (34.2-37.6 +- 18.2-40.3 J / mol "%) 
.$6%/"ก
")$ก%	$$,	., PDMS +- NR *8.ก*8.$,$'  
$,/ก3 (<	*2 ก-	%$,$'$ก98$,	.,%	$+-.
%% XSBR +ก,/( ก,	*ก48,",+",2(	* 30 +- 31 98*,:ก9!ก98
%,4กก:	%ก%$'"ก  ,,ก-%ก98%	
$+-.$,% XSBR $2(	* 32(c) ,,ก-%ก98$,%	
$+",)*$
$,%	$**8.+-

/$-$,$'
$,:ก9!%	$/"%ก-	%$,
&ก8.	*-"%
%	$**
ก 1.25% v / v ก %	*$'ก	,,
ก
")$ก%	$
", 
"ก%ก*
$,%	$*('$,%	$	*4ก""9%2$$ -
*8.	2	*		*""9%
$*ก%ก$,%	$$$ 8,

)"ก8. (<2ก+,,,	*98*, (<$,3/("ก$,98)*$2ก"
-%%%ก98   -"*, 2-%%$!+3($*  $'$:ก9!ก98
2"
)$  "
42ก-  ก+  +-+,ก"%ก98 (

"/$) ,,ก-/"
"(<ก-	%$,$'$+,ก"%ก9898*,
$  -"/""(-' ก
$ กก- 2กก+  ก-	%$,$'$
+,ก"+-ก98$,%$  -+ก$$ก กก%).=$,+%% $, solution-
diffusion  "2
+ก,
"/$%,)*$9!(<+,ก" (Du et al., 2008) 
RT
EAk −= lnln
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0& 32 ก +'ก5G"'24+)$	ก$260!3
)$	7! ': (a) PDMS, (b) NR, 2 (c) XSBR 
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3.2.5 ก3/D1/G:5D6G:51/2B-6b-=3VM<@D00D5/HDe-@1/2ก<5 PDMS, NR KL2 XSBR 
ก0*	'*	''260!3'!0ก' 3 $*32ก"ก 
(2ก"2'')$) ก'/ 7*3 5 5G3ก#	'"'!0ก' 
PDMS 'C*3$*ก"	"*	+(7"Iก5' H3$ 	*	H3!4*37! 
$ 2 /  '!0ก' PDMS *Iก5'ก" NR 2 XSBR H37! 
  '3 #ก 10 ก /  *3& 35-80 55*	 ก#ก*4*3&*3
 (35 ° C) กก ABE  Iก5''!0ก' NR 2'#/"
0ก~2ก6/"2ก"#กIก5''!0ก' XSBR  	"/ก6'
!0ก' NR 2 XSBR '0C&ก"	"*	+(7""ก$HกH3
*	'ก''!0ก' PDMS "*4##*#กก*3*	H3!4*37 262*301
*3*2" NR 2 XSBR +7 4 2 !$*4*!4'ก" 2 /!4
 PDMS 5G3H')$	 PVDF  '*'ก""GIก5ก5G"ก"2"
ก$Hก*33+ก"'!0ก'*3ก" $4ก$4$*3ก"G  2$
7 6"ก5G"'"	H3 52$GC*3*"
'!0ก'  &2  '3  
	"/ก6  ก0*	'*	'  #/"6#'	"6*3  ก5G"'
'*32ก"ก4 3 !$ ก+0*	'*	'01ก'&$2$7
0*3 33  ก$2$7 6"ก5G"'' PDMS *"ก"
' NR 2 XSBR 	"*	+( 5G3/$ ก6"ก'&"ก5G"
')$	' PDMS /"/$ 01/0*3$ก/  ก5G"'/"/$ 
3G4$"ก3G4&  +$'ก5G"'H3*	'ก'&ก
+74''*	#ก"$*3 PDMS $ 	 XSBR 2 	*3$H NR 	"/ก6
ก5G"'4 NR 2 XSBR 2$2) ก5G"3G4$ 	ก3
&#กก$$ 	ก7! 2	กก5"7(" 
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.3/3@6GF 5 ก0*	'*	'0C&' 3 !$ #กก2	ก')$	260
!3	'/4+ 10 ก" 
D00D5/H 7J30OH3M<@
i-JOHT3B80i8B (µm) 
<`jO=h0- (°C) qL8กQa5-J63
H<L (g/m2h) 
7;3ก3/789LE<ก
5-J63H<L 
PDMS composite  2 35 14.69 2.9 
Memebrane  50 27.60 4.1 
  70 68.06 5.7 
  80 112.98 7.2 
     
NR composite  N/A 35 0.20 4.1 
hollow membrane  50 1.48 9.4 
  70 5.23 11.1 
  80 9.33 11.2 
     
XSBR composite  N/A 35 1.04 5.7 
hollow membrane  50 4.56 9.2 
  70 14.96 11.2 
  80 45.54 13.1 
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/h1=3V 33 0*	'*	'ก5G"'#กก$260!3)$	7! ' 3 
!$7ก2	ก'   10 ก" 
 
C!G3	กก5G"''4 3 !$  ก$G4
#ก#*3"ก5G"กก+$7 01Iก5ก5G"$ 	2ก$ (Guo et al., 
2004) 2ก$408##	G4	"ก'&  "0Czก#ก'; γ
i
  2
$3; *ip  5G30108##	&	ก*3	"ก' $2$7*3 4.2  " γi  2 
*
ip   2ก"ก*3&*32ก"ก Iก5ก5G"'4 3 !$2$7 6
2ก"ก	"!$# ($ 4.1) 2Iก5ก5G"*''+(ก" γ
i
  2 *ip  7''
"*4 Iก5ก5G"G4"7 ก (3.5) กG4  #G*ก5G"/$ กG4  
ก#ก*4&*3G4"7 γ
i
  2 *ip  G4  *3กG42+7 *ก5G" 	
!"ก 
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.3/3@6GF 6 ก0*	'*	'"0Czก#ก'2$/3*3&
2ก"ก7ก$260!3	' 10 ก" 
+#กก UNIFAC method and Antione 
 
Temperature (°C) Butanol activity coefficient, γ
i
    *ip  (bar) 
35 17.23175 0.018276 
50 15.75063 0.046116 
70 14.12938 0.135263 
80 13.43975 0.218825 
 
 
3.2.6 DV</aKJg1V<D/e8FHM<@ ABE P3กB3/L2L3:B8@D7/32OaR9:ก3/SeTD00D5/H XSBR 
260!3+	 ABE #ก	"'!0ก' 
ceramic/XSBR  ก$'*32ก"& 35-80 °C    +	
*	7	0*3ก#$+G4H37 7ก *	ก'4+กH ' 10 ก /   5
) 3 ก /    2 1 ก /  70	4$ 2   "Iก54$
2ก$Hก+	'/$ 2$70*3 34  &	7 &*32ก"ก Iก5
4$' XSBR 3G4	"$6#ก 515 G 1665 g/m2h H33&$ 35-
80 °C  0ก~ก*4C'	/$  )$	ก3G47ก	2ก2"+
	*	 ()$		"	3') 24+7'!"$*	ก'ก3G4ก
$$5'2	)ก7'ก5  *3&3G4G 80 °C, "ก$Hก
'3G4G 7.2 2ก$Hก5*)3G4!"$*	กH3*ก3G4&  
ก#ก*4'*4	2	ก#ก	#H#*32$ก3G46ก 	7ก
$Hก'H3*&7ก+3G4H3#ก  3 *33+ (1 ก / 
) 7ก "ก$Hก4+$6ก 	H33&7ก+H3#กก
3G4ก2"+	"	H3*3&G4 
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( 34 
:ก9!+-ก
")$ก$$'ก	"$,,7"2%" XSBR 
3.3 ก3/O08ก ABE KL2M8dH.<Hก3/K:กR9:DV</aKJg1V<D/e8FH 
3.3.1 ก3/O08ก ABE K55ก2 
ก ABE  ก.ก
4ก+",2(	* 35 
$,ก
2.ก
(-' 50 ก /  98*,$  -3/"2	*/(	*2กกก'-.  , ก 24 *,  

,"$,.ก9!+,	*/"
)$ 2.5 ก / 2กก	.,"  
$*$,.
ก
)$ 6.2 ",)$ 5.1 , ก 24 *,+- ก.*8.(< 5.8 , ก 72 *, 2
"ก  
$,ก
2.ก4ก2$,"3 
"	$,ก

)$
(-' 6.3 ก /  2-,กก
,"$, ABE 	*/"
)$ 14.38 ก /  
.
)$  $-9" 2.7 ก /  %	$ 10.8 ก /   +-$	$ 0.88ก /    ก
ก	"$,/"	-	.," 0.30 ก / $*,+- yield $,	- 0.32 g 
/ g 2$	$,กก, 
$,ก"	.,"	ก% 0.7 ก /  
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0& 35   ก), 5, +	4$7กก ABE )$	7! C. 
acetobutylicum TISTR 1462 
 
3.3.2 ก3/K:ก ABE R9:DV</aKJg1V<D/e8FH7J57h;ก85ก/25JHก3/O08ก (Extractive fermentation 
using pervaporation technique) 
$*3C'	/ ก" *47ก$#ก4+ก0 2.3 7ก$ 3   
#ก 24 !3)#กกก  4+ก4$ก*	)$	")$' 
PDMS H33 ก'ก2	ก7$*	ก  )ก5G"ก'2"2ก6''
)$	7! !$$ก/	6#"7/)#2)ก*3/"5G" (retentate) #ก+7 
/ก'/0*3$ กก$0~ก	)$	7! 08$$#"	  +'7กก4$H 
102 !3)    +	*374+ก 17.94 ก /   yeild +
	 0.37 ก / กก)  2H 0.44 ก / "!3) *3/$ '7ก ABE 
ก''' extractive fermentation  (*3 7) ##6/$ "4$*3ก"  2$
7 6"ก"กก ABE 7ก2''$4$ $กก ABE   57
H30~ก!*&	3G4ก'  7*3ก)ก')&	"$6#G4กก
$2$70*3 36 5G32$7 6"H3&vก  	'	4ก#(!H4ก6กG4
!"ก $4ก'ก extractive fermentation ก+#$ก'/0	57$ ก
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ก$0~ก	"*4ก/$  ก'&v*3/$ ' 7+$*	ก Chauhan 2 Woodley 
(1997) 	"C*ก extractive fermentation 3H'2ก
ก$0~ก	 biocatalytic )$	C*ก"/0*4: (1) ก!	'	4H01-, (2) 	'$
0~ก	*3*	0*	', (3) ก$*3(*	/0H3#กก	"		H*30"	)$	/"*
ก' (4) ก$#+4กก2	ก$ 	  "*47 2
  +	4$*3G4  !"$*	กก' yield H3*	'ก'!$กก2''
$4$7 0~' 
 .3/3@6GF 7 ก'กก ABE  ก''' extractive fermentation )$	7! C. acetobutylicum 
 Extractive fermentation Batch fermentation* 
Acetone (g/L) 3.3 2.7 
Butanol (g/L) 14.3 10.8 
Ethanol (g/L) 0.34 0.88 
Total solvents (g/L) 17.94 14.38 
Solvent productivity (g/L h) 0.44 0.30 
Solvent yield (g/g) 0.37 0.32 
Glucose utilized (%)  96.6 87.4 
*ABE production in batch carried out in our laboratory with the same condition 
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0& 36   ก)  5  2+	4$7ก'กก ABE  
'' extractive fermentation )$	7! C. acetobutylicum 2' ceramic/XSBR 
 
+'ก$260!35*), '2*374+
กก2$70*3 37 7$ ก/0ก	    +	4$3G401
 *3#$3 #Gกก 30 !3) #G "	 stationary 5G3*  $ 
10.2 ก / 7"ก$  H3*	'ก'$ *32	ก/$    +
	4$2$7 62) *3 	ก'  7$ กก$0~ก	!"$*	ก'Iก5
4$  ก#	'"ก2	ก+	G4	"ก'  +	  )$	
	"	3ก*3	ก''    3+74+ก"7 *  3+7ก5G"
2Iก5!"ก 
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Fermentation time (h)
0 20 40 60 80 100 120
To
ta
l s
o
lv
en
t c
o
n
ce
n
tr
at
io
n
 
(g/
L)
0
10
20
30
40
50
60
70
To
ta
l s
o
lv
en
t f
lu
x
 
(g/
m
2 h
)
0
5
10
15
20
25
30
Total solvent concentration in retentate
Total solvent concentration in permeate 
Total solvent flux 
 
0& 37 Iก54$2  +	7$ กก$0ก	2$ *3*3
2	ก/$ 7ก'กก ABE  ก' extractive fermentation )$	7! Clostridium 
acetobutylicum 2' XSBR 
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566GF 4 56B/`1 
4.1 B/`1iLก3/69L<@ 

,ก . /"	ก%", 7  ก.,6 3 "
)$ NR, SBR 
+- XSBR "% "2.+ก(<ก.,, 7  	ก	"$%48,
 300% 
"$,:H!, 98*,%," SBR 2 XSBR 2" 300% "$,:H!,,%,
,"  8,4ก22ก	"$%ก+ก$-9 %	$+-$	$ $$ก ก-"
-%%$!+3($* 98*,/"	ก	"$%48,$	6, 7 	*$(-	6ก+ก$,
%2"$,
:ก9!+-(-	6ก+ก  
*$,%	$2(A$
+-$'$,- (< 98*,ก	"$,"%%	., 3 "48,
%" PDMS 98*,2(<(%	% %
:ก9!$,%	$ -*8.)*$

$,%	$2-*8. +
(-	6Iก+ก -
", %$	6$,
$'$,-$(-	6ก+ก% )*$$'*,8. 
:ก9!$,%	$
 -*8.2ก'-$@ก( +-%" XSBR 7 "Iก5'$ #Gก
Hก+7! 7ก2	ก$-9 %	$+-$	$ ก#ก''กก# 5G3ก
$'"ก0	ก7! '$ก""ก'ก'กก '"3 
(yield) 2 (volumetric productivity) '/$ กก"''กก2''ก )$	
$-9 %	$+-$	$/"ก8.$- 25 3G4 	 46 
3G4 	 15 +-ก2. " 98*,(<)%)*$, กก+ก1'!$$ก ก-%%
$$"*$, 
 
4.2 MT<DBH<KH2BI3O/85@3HJ-P8:SH<H37. 
       4.2.1 ก3/V8sH3/255ก3/O08ก  
7#	*4/$ +ก0*	'*	' ก2	ก5*) ' $ 	''260!3
"ก'ก'กก2''ก"4 ก ก*3#32&v #G"
*3#+กGก-ก'กก2''กG3ก (fed-batch fermentation) 2กก2''"H3 
(continuous fermentation) 3 ก#ก*4##Gก-G2"'*3/$ #ก$
กก-!$H3 { !" กก4+ 	 4+ I +0$ 2 5)!$
" { 01   
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      4.2.2 ก3/V8sH3D00D5/H 
H3#ก''260!3 01''*3*กก"	4+ก2' 
	"$ H3+ก$01	*3	 #+7 '$$5''/ 7
 "+7 '7"*301	ก$ก' (membrane swelling) 5G3กกH'
'!4' (supportive layer) /"$* #+7 ก$ก2	ก!4/$ 2'##*ก$/$ "	 $
2$70& 38 $4#+กxกH'7 !4	H'$ก'!45ก/ $*
G4 H##0*3	$H3*301 hydrophobic 7! 2	ก6/$ !" zeolite 01  
 
 
0& 38  2$ก' (swelling) ' XSBR 2ก2	กก#ก"ก5ก 
5G301!4' 
ก''2ก
2	กก#ก!4' (5ก) 
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1/2J8.-ihTJ-P8:  
 
1.        eEF< : 	 &! '( 
 
2. .I3KOH;@1NPP`58H :   !"	#	0#+))	*!*& 
 
3. 6GF<:h; : ))	*!*& +ก!))	*กก- 		))	** 
                        111 		 +'* 
                              +&H #$!* 30000 
                            ): (044)-224578 
                            ): (044)-224154 
               * : apichat@sut.ac.th 
               
4. 1/2J8.-ก3/4uก>3 
 
1v /2985 B3M3 Bc3H4uก>3 1/2D64 
2548 0. ก ก* Imperial college London กu- 
2543 0. ) ก!** The University of 
Birmingham 
กu- 
2537 0. * 	2
))	*ก 
(ก*		) 
		!*	7" /	 
1990 C	Gก-
0	 
- )*	05			 
!*	7" 
/	 
 
 
5. 1/2B5ก3/jaก3/6I3@3H 
- #	0((ก ASEA-UNINET Post-doc, 		))	**	, 0
*	 (.. 2550- .	. 2551). 
- #	/ !"	#	0#+))	*!*& +ก!))	*กก- 
		))	** (.. 2548 - 08##') 
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6. Bc3H2=3V@3HJ-P8: 
   O8JOHT3R7/@ก3/ 
   - กGก-กxก2''"H3#กกก4+ 	)$	7! !H4	*  
Saccharomyces cerevisiae 7ก2''7! 	H32"       
KOL;@D@-H6`H: 		))	** 100,000. ' 
       Bc3H2=3V 6#4)ก (ก.	. 2548- .. 2549) 
 
- กก6'ก*3	ก$ L-26#ก4+ก$ 	'')$/5!3       
KOL;@D@-H6`H: +กกก#	2"!/ ((*3  -3-304-51-12-09 
       240,000. ' (C.. 2550- .	. 2551) #	6#' 
 
- ก2''"H3$ 	!H4 Methylosinus trichosporium OB3b 70~ก
!*&')$	7! 20!3 
KOL;@D@-H6`H: +กก'ก#	 
305,000.- ' (.. 2549- .	. 2551) #	6#' 
     
-    ก$Hก#*	*3*0C&7ก	"		ก$/#ก'"$+  7& / ก5# 
                      KOL;@D@-H6`H: +กx	2))	*2"! 
       200,000. ' (ก.	. 2549- .. 2550) #	6#' 
        
-    กx"7	ก!0ก'+'7! 7ก'ก5*)-'-#ก
+0 
KOL;@D@-H6`H: +กกก#	2"! 
       351,000. ' (C.. 2552- .	. 2553) #	6#' 
 
-    ก0	ก7! 0ก))0*7ก H37 2$7ก'ก'Cz)$	7! 
''ก2	ก/"	H32"2ก$$5' 
KOL;@D@-H6`H: +กกก#	2"! 
      301,000. ' (C.. 2552- .	. 2553) #	6#' 
 
- ก0	ก7! '')$/55!37ก2	ก)0*6)/#ก4+ ก 
KOL;@D@-H6`H: +กกก#	2"! 
  
 
 
 
 
 
 
70 
 
 
      271,000. ' (C.. 2552- .	. 2553) #	6#' 
 
- Process optimization for motor fuel grade ethanol production using hybrid vapor permeation and 
pressure swing adsorption technique 
KOL;@D@-H6`H: 		))	** 
      200,000. ' (30 .	. 2551- 29 .	. 2552) #	6#' 
 
- ก$2ก'Cz#ก4+ก7$') 
 2''$ 	"กก3 ก2	ก/"	H32" 2ก$$5'  
KOL;@D@-H6`H: +กก'ก#	 
      2,500,000. ' (.. 2552- .. 2555) 	"7"ก$+ก 
 
-    ก ) 2''ก+'7! 01!H4#ก+0)$	7! 
"ก2	ก/"	H32"2ก$$5' 
KOL;@D@-H6`H: 		))	** 
      2, 143, 000. ' (*.. 2553- *. 2554) 	"7"ก$+ก 
 
-     ก+'Czก$55#ก4+ก$ 	C*กก IJ!32กก3  
KOL;@D@-H6`H: +กก2"! 
       537,200. ' #	6#' 
 
- ก+'Czก$ D- 2 L-26ก$ 	C*IJ!32กก3#ก4+ก  
KOL;@D@-H6`H: +กก2"! (B10-52) 
      3,272,440. ' (C.. 2552- .	. 2553) #	6#' 
 
- กก2''0~ก2''"/+'ก+'Czก$ D-26ก 
KOL;@D@-H6`H: 		))	** 
      683,290. ' (.. 2554- C. 2554) 	"7"ก$+ก 
 
- กx"7	ก5!0ก'+'ก!H4$ 	''ก2	ก/
"	H32" 
KOL;@D@-H6`H: +กกก#	2"! 
  
 
 
 
 
 
 
71 
 
 
385,290. ' (.. 2554- C. 2554) 	"7"ก$+ก 
 
- 0~ก!*&'+'5!H4 
KOL;@D@-H6`H: +กกก#	2"! 
350,290. ' (.. 2554- C. 2554) 	"7"ก$+ก 
 
     
 
ihT/;J0R7/@ก3/ 
 
-  ก$'0C&ก'ก+'Cก$$*26กก)$	))	*กก3 ก+
IJ! ((( !-ก- *3 B10-52) #ก4+ก'- #	 x
 	24+ #+ก$ 
        KOL;@D@-H6`H: '- #	 x 	24+ #+ก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 O8JOHT3R7/@ก3/: .$. *ก$z )	C 
        1,187,220. ' (1 .	 2553- .	 2554) #	6#' 
 
 
-     กx	H32"!0ก'#ก	C!+'ก2	ก26ก#ก0~ก	
IJ!3$ 	''260!3 
        KOL;@D@-H6`H: +กกก#	2"!  
 O8JOHT3R7/@ก3/: .$. ! *0*$ 
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ก ก:  
UNIFAC Method: Estimation of partial vapor pressure in liquid phase. 
#ก*3/$ ก"2 "'' pervaporation 401ก7! "$012
'$ (driving force) 7ก+7 ก$ permeate "!4	H32" )$	3 { /02 2'$
*4ก$G4#ก""ก	*7$  permeate ก'7$ 0 
(feed) 5G3"ก	*4#'"'กG&	7*4H3#ก"ก
$ & ก	/IIH  *3	""$ 4	H32" "
ก"	 i (J
i
) #2001$")$	ก'2'$"4$ 
	H32" 2"25 (Q
i
) 5G301"*3  &2$ G3 { $ก  
)...( * Piiiiii PypxQJ −⋅= γ                                     Equation 1 
2	*. iQ  
)$
$!+$9! (permeance) 98*,(<
(-	6Iก4	$, i, xi 
)$
"$, i 2"(A$, γi 
)$
 activity coefficient $, i 98*,4
'
"2ก UNIQUAC, p*i 

"/$$*$, i 98*,4
'/""2
ก$, Antoine vapor pressure equation, yi  
)$"$, i 2"$!$	 
+- PP 
)$
"2"$,$!$	"%.  
#กก  #6/$ "ก+" driving force 4#" 	"	ก 4*4
H3#ก0401 $4# +"$")$/ (molar 
partial pressure) 2" (4+2') 5G301"$") i 
74ก'" activity coefficient 2"$/3 )$	 ก: 1 2$G"*3
" { +'ก" (Antoines equation) 5G301ก*37! 7ก"$
/3 (p*i)  & (T) " { 0155*	 $2$)$	ก 
TC
B
-Ap  log
i
i
i
*
i +
=                                                Equation 2 
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 ก: 1  Pure components parameters of water and butanol: Antoines equation constants Ai,  
Bi and Ci  
Antonieys constants 
Compound 
Ai Bi Ci 
Water 7.0436 1636.91 224.92 
Butanol 15.3763 3253.99 -88.124 
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0& ก: 1 C"$/4+2''Cz  &" {  
0& ก: 1 2$C"$/4+2''Cz (p*i)  
&" { )$	7*3*4#Hก!"&/"ก 100 55*	 5G301!"*3#+
ก$# "ก+" activity coefficient (γi) 4 +/$ 	C* !" 
C* van Larr, Wilson, NRTL, UNIFAC 2 UNIQUAC 01  )$	 UNIFAC 5G3/$ 
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	ก )$		กกH4w*3"4!$401	*30ก'G4
/0$ 	"	) H structure unit *3ก$#กกG401)ก4
!$ )$	*3"	) *4#ก*	ก" subgroup $2$	"/ 7 ก: 2     
 
 ก: 2   	""20" {  subgroup +'C* UNIFAC  
Group number 
Main k 
Name Rk Qk Examples of molecules and their constituent 
groups, (number)k  
1 CH3 0.9011 0.848 n-Butane: (2)1, (2)2 
2 CH2 0.6744 0.540 Hexane: (2)1, (4)2 
3 CH 0.4469 0.228 Isobutane: (3)1, (1)3 
1 
4 C 0.2195 0.000 2,2-Dimethylpropane: (4)1, (1)4 
5 CH2=CH 1.3454 1.176 3-Methyl-1-hexene:  (2)1, (2)2, (1)3, (1)5 
6 CH=CH 1.1167 0.867 Hexene-2: (2)1, (2)2, (1)6 
7 CH2=C 1.1173 0.988 2-Methyl-1-butene: (2)1, (1)2, (1)7 
2 
8 CH=C 0.8886 0.676 2-Methyl-2-butene: (3)1, (1)8 
9 ACH 0.5313 0.400 Benzene: (6)9 3 
10 AC 0.3652 0.120 Styrene: (1)5, (5)9, (1)10 
11 ACCH3 1.2663 0.968 Toluene: (5)9, (1)11 
12 ACCH2 1.0396 0.660 Ethylbenzene: (1)1, (5)9 , (1)12 
4 
13 ACCH 0.8121 0.348 Cumene: (2)1, (5)9, (1)13 
5 14 OH 1.0000 1.200 Butanol: (1)1, (3)2, (1)14 
6 15 CH3OH 1.4311 1.432 Methanol: (1)15 
7 16 H2O 0.9200 1.400 Water: (1)16 
8 17 ACOH 0.8952 0.680 Phenol: (5)9, (1)17 
18 CH3CO 1.6724 1.488 Methylethylketone: (1)1, (1)2, (1)18 9 
19 CH2CO 1.4457 1.480 Ethylphenylketone: (1)1, (1)19, (5)9, (1)10 
10 20 CHO 0.9980 0.948 Hexanal: (1)1, (4)2, (1)20 
21 CH3COO 1.9031 1.728 Butyl acetate: (1)1, (3)2, (1)21 11 
22 CH2COO 1.6764 1.420 Methyl propionate: (2)1, (1)22  
12 23 HCOO 1.2420 1.188 Ethyl formate: (1)1, (1)2, (1)23 
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+' ก: 2    4 #7! $!* (k) 7ก'"	) *" { 
G" relative volume (Rk) 2" relative surface area (Qk) "	) 4 { $ 	 
+'" activity coefficient 4 /"*	2"G4	"ก'" Rk 2 Qk 5G301'"	
) *		"$*	 2"	G4	"ก'0~C""	) *ก$ 	  






++=
i
i
i
i
iii
C
i
L
J
ln
L
J
-15q-lnJJ-1lnγ                      Equation 3 
 












= ∑
k k
ik
ki
k
ik
ki
R
i
s
lne -
s
-1qln
ββ
θγ                          Equation 4 
  
" Ji 2 " Li 4 /$ #กก  
∑
=
j
jj
i
i
xr
r
J                                      Equation 5 
 
∑
=
j
jj
i
i
xq
q
L                                      Equation 6  
 
ก#ก*42 20H3 { /$ #กก"/0*4 
∑=
k
k
(i)
ki
Rvr                                    Equation 7 
 
∑=
k
k
(i)
ki
Qvq                                    Equation 8 
 
i
k
(i)
k
ki
q
Qv
e =                                     Equation 9 
 
∑=
m
mkmiik
e τβ                                 Equation 10 
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∑
∑
=
j
jj
i
kiii
k
qx
eqx
θ                                    Equation 11 
 
∑=
m
mkmk
es τ                                  Equation 12 
T
a-
exp mk
mk
=τ                                   Equation 13 
 
(ก- 	" { 4 2$/$ $*4 i 	G*3ก+#, j H$!*7ก'
+'ก, k H"	) , m H$!*7ก'+'ก"	)  2 
(i)
k
v
	G#+"	) 02'' k 7)ก i +$' ""20
"	)  Rk 2 Qk G200~C"ก" (amk) 4/$ 
#ก  &ก 2   
 
.8J<:;3@ก3/7I3HJj 
- #2$C*+"0Cz2*' (γ1) 24+ (γ2) H3 x1 = 0.0019 
2 x2 = 0.9981 +$' *3& 343.15 K 
J-bG6I3 - "	) *3ก*3	''4!$H  
CH3-CH2-CH2-CH2-OH (1)/H2O (2)  
 - #ก ก: 2 5G32$'" { "	)  UNIFAC H3#G
''24+2  0/$ $*4  
Group number (i)
k
v  
Main k 
Name Rk Qk 
(1) (2) 
1 1 CH3 0.9011 0.848 1 0 
1 2 CH2 0.6744 0.540 3 0 
5 14 OH 1.0000 1.200 1 0 
7 16 H2O 0.9200 1.400 0 1 
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#กก*3 7 " r1 /$ $*4  
r1 = 1(0.9011) + 3(0.6744) + 1(1) + 0(0.9200) = 3.924 
!"$*	กก'" r2  = 0.920  
#กก*3 8, " q1 2 q2 +/$ $*4   
q1  = 3.668 , q2 = 1.4000 +$' ,  
" r
i
 2 q
i
 01"*3ก*3	 )$	ก')ก4 { )$	/"G4	"ก'$")
7	 H3+ก2"$ก"7ก*3 9 #/$ " e
ki
 $"/0*4 
vki eki 
subgroups k Rk Qk 
[1] [2] [1] [2] 
CH3 1 0.9011 0.848 1 0 0.231 0.000 
CH2 2 0.6744 0.540 3 0 0.442 0.000 
OH 14 1.0000 1.200 1 0 0.327 0.000 
H2O 16 0.9200 1.400 0 1 0.000 1.000 
 
200~C"ก" (a
mk
) /$ #ก&ก     
 amk 
m 1(1) 2(1) 14(5) 16(7) 
1(1) 0 0 986.5 476.4 
2(1) 0 0 986.5 476.4 
14(5) 156.4 156.4 0 84.0 
16(7) 300.0 300.0 -229.1 0 
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2""*47ก*3 13 H3" τmk, )$	*& T = 343.15 K  
 τmk 
m 1 2 14 16 
1(1) 1 1 0.056 0.249 
2(1) 1 1 0.056 0.249 
14(5) 0.634 0.634 1 0.783 
16(7) 0.417 0.417 1.95 1 
 
" β
ik
 /$ )$	7! ก*3 10 
 βik 
i 1 2 14 16 
[1] 0.88 0.88 0.365 0.424 
[2] 0.417 0.417 1.95 1 
 
#ก4+" θ
ik
 )$	7! ก*3 11  
θ1= 0.268, θ2 = 0.325, θ14 = 0.266 2 θ16 = 0.141 
2ก*3 12  :  
s1= 0.887, s2 = 0.887, s14 = 0.379, and s16 = 0.482 
 
"0C2**'24+0/$ $  
i [1] [2] 
lnγiC 0.749 1.4 × 10-5 
lnγiR 1.913 3.6 × 10-5 
lnγi (= lnγiC + lnγiR) 2.663 5.0 × 10-5 
γi 14.33 1 
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i
R
i
C
iiikk
LJs γγγθ ,,,,,,
sat
222
sat
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sat
1111
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P / Pxy
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= γ
 
0& ก: 2 2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$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=37iHJก M 
UNIFAC-VLE Interaction Parameters, amk, in Kelvins 
 
 i  j     amk               i   j  amk             i  j  amk            i   j  amk                 i   j    amk           
---------------          ---------------          ---------------        ---------------           ----------- 
 1  1   0.0000      1  7  1318.0       1 16  206.60      11 25  442.40        1 39  485.30 
 2  1  -35.360      2  7  270.60       2 16  61.110      12 25  24.280         2 39  -70.450 
 3  1  -11.120      3  7  903.80       3 16  90.490      13 25  134.80         3 39  245.60 
 4  1  -69.700      4  7  5695.0       4 16  23.500      14 25  30.050         4 39  5629.0 
 5  1  156.40       5  7  353.50       5 16  -323.00     15 25  -18.930        5 39  -143.90 
 6  1  16.510       6  7  -181.00      6 16  53.900      16 25  -181.90        6 39  -172.40 
 7  1  300.00       7  7  0.0000       7 16  304.00      17 25  617.50         7 39  319.00 
 8  1  275.80       8  7  -601.80      9 16  -169.00     18 25   -2.17           9 39  -61.700 
 9  1  26.76         9  7  472.50      11 16  -196.70    19 25   -4.6240       10 39  -268.80 
10  1  505.70      10  7  480.80      13 16  5422.3     20 25  -79.080       11 39  85.330 
11  1  114.80      11  7  200.80      14 16  -41.110    21 25  153.00        12 39  308.90 
12  1  329.30      12  7  124.63      15 16  -189.20     22 25  223.10       13 39  254.80 
13  1  83.360      13  7  -314.70     16 16  0.0000      23 25  192.10       14 39  -164.00 
14  1  -30.480     14  7  -330.48     17 16  -24.46      24 25  -75.970      15 39  -255.22 
15  1  65.330      15  7  -448.20     19 16  -446.86     25 25  0.0000       16 39  22.050 
16  1  -83.980     16  7  -598.80     21 16  151.38      26 25  132.90       17 39  -334.40 
17  1  1139.0      17  7  -341.60     22 16  -141.40     27 25  -123.10      19 39  -151.50 
18  1  -101.60     18  7  -332.90     23 16  -293.70     33 25  -185.30      20 39  -228.00 
19  1  24.820      19  7  242.80      24 16  316.90      35 25  -334.12      21 39   6.57 
20  1  315.30      20  7 -66.170      25 16  2951.0      39 25  -374.16      22 39  -160.28 
21  1  91.460      21  7  698.20      35 16  -257.2       40 25  33.95         24 39  498.60 
22  1  34.010      22  7  708.70      38 16  116.50      41 25  1107.0       25 39  5143.14 
23  1  36.700      23  7  826.76      39 16  -185.20     44 25  161.50       26 39  -223.10 
24  1  -78.450     24  7  1201.0       1 17  920.70       47 25  7.0820       29 39  78.920 
25  1  106.80      25  7  -274.50      2 17  749.30       1 26  661.50         31 39  302.20 
26  1  -32.690     26  7  417.90       3 17  648.20       2 26  357.50         33 39  336.25 
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27  1  5541.0      27  7  360.70       4 17  664.20       3 26  168.00         34 39  -119.80 
28  1  -52.650     28  7  1081.0       5 17  -52.390      4 26  3629.0         35 39  -97.710 
29  1  -7.4810     30  7  23.480       6 17  489.70       5 26  256.50         36 39  -8.8040 
30  1  -25.310     31  7  -137.40      7 17  459.00       6 26  75.140         37 39  255.00 
31  1  140.00      33  7  79.18        8 17  -305.50      7 26  220.60          38 39  -110.65 
32  1  128.00      35  7  -240.00      9 17  6201.0       9 26  137.50         39 39  0.0000 
33  1  -31.520     36  7  386.60      11 17  475.50      11 26  -81.130       40 39  55.800 
34  1  -72.880     39  7  -287.10     13 17  -46.39      13 26  95.180         41 39  -28.650 
35  1  50.490      41  7  284.40      14 17  -200.70     19 26  -0.5150       1 40  -2.8590 
36  1  -165.90     42  7  180.20      15 17  138.54      21 26  32.730        2 40  449.40 
37  1  47.410      44  7  832.20      16 17  287.43      22 26  108.90        3 40  22.670 
38  1  -5.1320     46  7  -509.30     17 17  0.0000      24 26  490.90        4 40  -245.39 
39  1  -31.950     47  7  -205.70     18 17  117.40      25 26  132.70       13 40  -172.51 
40  1  147.30      49  7  -384.30     19 17  777.40      26 26  0.0000       25 40  309.58 
41  1  529.00      52  7  627.39      20 17  493.80      27 26  -85.120      38 40  -117.20 
42  1  -34.360      1  8  1333.0      21 17  429.70      28 26  277.80       39 40  -5.5790 
43  1  110.20       2  8  526.10      22 17  140.80      31 26  481.30       40 40  0.0000 
44  1  13.890       3  8  1329.0      24 17  898.20      32 26  64.280       45 40  -32.170 
45  1  30.740       4  8  884.90      25 17  334.90      33 26  125.30        1 41  387.10 
46  1  27.970       5  8  -259.70     27 17  134.90      34 26  174.40        2 41  48.330 
47  1  -11.920      6  8  -101.70     31 17  192.30      37 26  379.40        3 41  103.50 
48  1  39.930       7  8  324.50      39 17  343.70      39 26  223.60        4 41  69.260 
49  1  -23.610      8  8  0.0000      41 17  -22.100     41 26  -124.70       5 41  190.30 
50  1  -8.4790      9  8  -133.1       1 18  287.77        45 26  844.00        6 41  165.70 
52  1  245.21      10  8  -155.60      2 18  280.50       50 26  176.30        7 41  -197.50 
 1  2  86.020      11  8  -36.720      3 18  -4.4490      1 27  543.00        8 41  -494.20 
 2  2  0.0000      12  8  -234.25      4 18  52.800       3 27  194.90        9 41  -18.800 
 3  2  3.4460      13  8  -178.5       5 18  170.00        4 27  4448.0       10 41  -275.50 
 4  2  -113.60     14  8  -870.8       6 18  580.50        5 27  157.10       11 41  560.20 
 5  2  457.00      17  8  -253.10      7 18  459.00       6 27  457.88       12 41  -70.240 
 6  2  -12.520     18  8  -341.60      8 18  -305.50      7 27  399.50       13 41  417.00 
 7  2  496.10      20  8  -11.000      9 18  7.3410       8 27  -413.48      15 41  -38.770 
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 8  2  217.50      22  8  1633.5      11 18  -0.13         9 27  548.50       17 41  -89.420 
 9  2  42.920      24  8  10000       12 18  -233.40     13 27  155.11       19 41  120.30 
10  2  56.300      25  8  622.30      13 18  213.20      17 27  -139.30      20 41  -337.00 
11  2  132.10      27  8  815.12      15 18  431.49      18 27  2845.0       21 41  63.670 
12  2  110.40      28  8  1421.0      17 18  89.700      21 27  86.200       22 41  -96.870 
13  2  26.510      31  8  838.40      18 18  0.0000      24 27  534.70       23 41  255.80 
14  2  1.1630      41  8  -167.30     19 18  134.30      25 27  2213.0       24 41  256.50 
15  2  -28.700     44  8  -234.70     20 18  -313.50     26 27  533.20       25 41  -145.10 
16  2  -25.380     50  8  810.50      22 18  587.30      27 27  0.0000       26 41  248.40 
17  2  2000.0       1  9  476.40      23 18  18.980      32 27  2448.0       28 41  469.80 
18  2  -47.630      2  9  182.60      24 18  368.50      33 27  4288.0       30 41  43.370 
19  2  -40.620      3  9  25.770      25 18  20.18        1 28  153.60       31 41  347.80 
20  2  1264.0       4  9  -52.100     27 18  2475.0       2 28  76.302       32 41  68.550 
21  2  40.250       5  9  84.000      33 18  -42.710      3 28  52.070       33 41  -195.10 
22  2  -23.500      6  9  23.390      37 18  281.60       4 28  -9.4510      35 41  153.70 
23  2  51.060       7  9  -195.40     38 18  159.80       5 28  488.90       36 41  423.40 
24  2  160.90       8  9  -356.10     50 18  221.40       6 28  -31.090      37 41  730.80 
25  2  70.320       9  9  0.0000       1 19  597.00       7 28  887.10       39 41  72.310 
26  2  -1.9960     10  9  128.00       2 19  336.90       8 28  8484.0       41 41  0.0000 
28  2  16.620      11  9  372.20       3 19  212.50       9 28  216.10       47 41  101.2 
30  2  82.640      12  9  385.40       4 19  6096.0      11 28  183.00        1 42  -450.40 
33  2  174.60      13  9  191.10       5 19  6.7120      13 28  140.90        3 42  -432.30 
34  2  41.380      15  9  394.60       6 19  53.280      19 28  230.90        4 42  683.30 
35  2  64.070      16  9  225.30       7 19  112.60      21 28  450.10        5 42  -817.70 
36  2  573.00      17  9  -450.30      9 19  481.70      23 28  116.60        7 42  -363.80 
37  2  124.20      18  9  29.100      10 19  -106.4      24 28  132.20        9 42  -588.90 
38  2  -131.70     19  9  -287.50     11 19  494.60      26 28  320.20       13 42  1338.0 
39  2  249.00      20  9  -297.80     12 19  -47.250     28 28  0.0000       14 42  -664.40 
40  2  62.400      21  9  286.30      13 19  -18.510     32 28  -27.450      15 42  448.10 
41  2  1397.0      22  9  82.860      14 19  358.90      37 28  167.90       20 42  169.30 
44  2  -16.110     23  9  552.10      15 19  147.10      41 28  885.50       42 42  0.0000 
46  2  9.7550      24  9  372.00      16 19  1255.10      1 29  184.40       43 42  745.30 
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47  2  132.40      25  9  518.40      17 19  -281.60      3 29  -10.430       1 43  252.70 
48  2  543.60      26  9  -142.60     18 19  -169.70      4 29  393.60        3 43  238.90 
49  2  161.10      27  9  -101.50     19 19  0.0000       5 29  147.50        4 43  355.50 
52  2  384.45      28  9  303.70      20 19  92.07        6 29  17.500        5 43  202.70 
 1  3  61.130      29  9  160.60      21 19  54.320       9 29  -46.280      14 43  275.90 
 2  3  38.810      30  9  317.50      22 19  258.60      12 29  103.90       15 43  -1327.0 
 3  3  0.0000      31  9  135.40      23 19  74.040      13 29  -8.5380      20 43  127.20 
 4  3  -146.80     32  9  138.00      24 19  492.00      14 29  -70.140      24 43  233.10 
 5  3  89.600      33  9  -142.60     25 19  363.50      19 29  0.46040      42 43  -2166.0 
 6  3  -50.000     34  9  443.60      26 19  0.28270     21 29  59.020       43 43  0.0000 
 7  3  362.30      35  9  110.40      28 19  335.70      29 29  0.0000        1 44  220.30 
 8  3  25.340      36  9  114.55      29 19  161.00      35 29  85.700        2 44  86.460 
 9  3  140.10      37  9  -40.900     31 19  169.60      39 29  -71.000       3 44  30.040 
10  3  23.390      39  9  97.040      33 19  136.90      44 29  -274.10       4 44  46.380 
11  3  85.840      41  9  123.40      34 19  329.10      48 29  6.9710        5 44  -504.20 
12  3  18.12       42  9  992.40      36 19  -42.310      1 30  354.55        7 44  -452.20 
13  3  52.130      47  9  156.40      37 19  335.20       2 30  262.90        8 44  -659.00 
14  3  -44.850     50  9  278.80      39 19  150.60       3 30  -64.690      23 44  -35.680 
15  3  -22.310      1 10  677.00      41 19  -61.600      4 30  48.490       25 44  -209.7 
16  3  -223.90      2 10  448.80      47 19  119.20       5 30  -120.50      29 44  1004.0 
17  3  247.50       3 10  347.30       1 20  663.50       6 30  -61.76       31 44  -262.00 
18  3  31.870       4 10  586.60       2 20  318.90       7 30  188.00       38 44  26.350 
19  3  -22.970      5 10  -203.60      3 20  537.40       9 30  -163.70      44 44  0.0000 
20  3  62.320       6 10  306.40       4 20  872.30      11 30  202.30        1 45  -5.8690 
21  3  4.6800       7 10  -116.00      5 20  199.00      13 30  170.10        3 45  -88.110 
22  3  121.30       8 10  -271.10      6 20  -202.00     20 30  -208.90       5 45  72.960 
23  3  288.50       9 10  -37.360      7 20  -14.090     21 30  65.56         6 45  -52.100 
24  3  -4.7000     10 10  0.0000       8 20  408.90      22 30  149.56       26 45  -218.90 
25  3  -97.270     11 10  -185.10      9 20  669.40      23 30  -64.380      40 45  111.80 
26  3  10.380      12 10  -236.50     10 20  497.50      24 30  546.70       45 45  0.0000 
27  3  1824.0      13 10  -7.8380     11 20  660.20      30 30  0.0000        1 46  390.90 
28  3  21.500      19 10  224.66      12 20  -268.10     37 30  82.640        2 46  200.20 
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29  3  28.410      20 10  -165.50     13 20  664.60      41 30  -64.280       5 46  -382.70 
30  3  157.30      21 10  -47.510     17 20  -396.00      1 31  3025.0        7 46  835.60 
31  3  221.40      22 10  190.60      18 20  -153.70      3 31  210.40       20 46  -322.30 
32  3  58.680      23 10  242.80      19 20  205.27       4 31  4975.0       46 46  0.0000 
33  3  -154.20     32 10  245.90      20 20  0.0000       5 31  -318.90       1 47  553.30 
34  3  -101.12     34 10  -55.87      21 20  519.10       6 31  -119.20       2 47  268.10 
35  3  -2.5040     36 10  354.00      22 20  543.30       7 31  12.720        3 47  333.30 
36  3  -123.60     37 10  183.80      23 20  504.20       8 31  -687.10       4 47  421.90 
37  3  395.80      39 10  13.890      24 20  631.00       9 31  71.46         5 47  -248.30 
38  3  -237.20     41 10  577.50      25 20  993.40      11 31  -101.70       7 47  139.60 
39  3  -133.90      1 11  232.10      30 20  570.60      13 31  -20.110       9 47  37.540 
40  3  140.60       2 11  37.850      32 20  616.60      15 31  939.07       11 47  151.80 
41  3  317.60       3 11  5.9940      33 20  5256.0      17 31  0.10040      19 47  16.230 
42  3  787.90       4 11  5688.0      35 20  -180.20     19 31  177.50       22 47  361.10 
43  3  234.40       5 11  101.10      37 20  898.20      26 31  139.80       24 47  423.10 
44  3  -23.880      6 11  -10.720     39 20  -97.770     31 31  0.0000       25 47  434.10 
45  3  167.90       7 11  72.870      41 20  1179.0      35 31  535.80       31 47  -353.50 
47  3  -86.880      8 11  -449.40     42 20  2450.0      39 31  -191.70      47 47  0.0000 
49  3  142.90       9 11  -213.70     43 20  2496.0      41 31  -264.30       1 48  187.00 
50  3  23.930      10 11  -110.30     46 20  -70.250     44 31  262.00        2 48  -617.00 
52  3  47.05       11 11  0.0000       1 21  35.930      47 31  515.80        6 48  37.630 
 1  4  76.500      12 11  1167.0       2 21  -36.870      1 32  335.80       23 48  565.90 
 2  4  74.150      13 11  461.30       3 21  -18.810      3 32  113.30       24 48  63.950 
 3  4  167.00      15 11  136.00       4 21  -114.10      4 32  259.00       29 48  -18.270 
 4  4  0.0000      16 11  2889.0       5 21  75.620       5 32  313.50       37 48  2429.0 
 5  4  25.820      17 11  -294.80      6 21  -38.320      6 32  212.10       48 48  0.0000 
 6  4  -44.500     18 11  8.87         7 21  325.40       9 32  53.590        1 49  216.10 
 7  4  377.60      19 11  -266.60      9 21  -191.70     10 32  117.00        2 49  62.560 
 8  4  244.20      20 11  -256.30     10 21  751.90      11 32  148.30        3 49  -59.580 
 9  4  365.80      21 11  35.380      11 21  -34.740     13 32  -149.50       4 49  -203.60 
10  4  106.00      22 11  -132.90     13 21  301.10      20 32  228.40        5 49  104.70 
11  4  -170.00     23 11  176.50      14 21  -82.920     21 32  2.22          6 49  -59.400 
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12  4  428.00      24 11  129.50      16 21  -182.91     22 32  177.60        7 49  407.90 
13  4  65.690      25 11  -171.1      17 21  287.00      23 32  86.400       49 49  0.0000 
14  4  296.40      26 11  129.3       19 21  4.9330      24 32  247.80        1 50  92.990 
15  4  223.00      28 11  243.80      20 21  13.410      26 32  304.30        3 50  -39.160 
16  4  109.90      30 11  -146.30     21 21  0.0000      27 32  2990.0        4 50  184.90 
17  4  762.80      31 11  152.00      22 21  -84.530     28 32  292.70        5 50  57.650 
18  4  49.800      32 11  21.920      23 21  -157.10     32 32  0.0000        6 50  -46.010 
19  4  -138.40     33 11  24.370      24 21  11.800      33 32  37.10         8 50  1005.0 
20  4  89.860      34 11  -111.45     25 21  -129.70     41 32  288.10        9 50  -162.60 
21  4  122.90      35 11  41.570      26 21  113.00       1 33  479.50       18 50  -136.60 
22  4  140.80      36 11  175.50      27 21  1971.0       2 33  183.80       24 50  108.50 
23  4  69.900      37 11  611.30      28 21  -73.090      3 33  261.30       26 50  -4.5650 
24  4  134.70      39 11  -82.120     29 21  -27.940      4 33  210.00       1  52  808.59 
25  4  402.50      41 11  -234.90     30 21  -39.46       5 33  202.10       2  52  200.94 
26  4  -97.050     47 11  -3.4440     32 21   179.25      6 33  106.30       3  52  360.82 
27  4  -127.80      1 12  507.00      33 21  -262.30      7 33  777.10       4  52  233.51 
28  4  40.680       2 12  333.50      37 21  383.20       9 33  245.20       5  52  215.81 
29  4  19.560       3 12  287.10      39 21  -55.21      11 33  18.880       6  52  150.02 
30  4  128.80       4 12  197.80      41 21  182.20      12 33  298.13       7  52 -255.63 
31  4  150.60       5 12  267.80       1 22  53.760      13 33  -202.30      24 52  585.19 
32  4  26.410       6 12  179.70       2 22  58.550      18 33  -60.780      56 1   -20.31 
33  4  1112.0       7 12  233.87       3 22  -144.40     19 33  -62.170      56 3   -106.7 
34  4  614.52       8 12  -32.52       4 22  -111.00     20 33  -95.000      56 4    568.47 
35  4  -143.20      9 12  -190.40      5 22  65.280      21 33  344.40       56 5    284.28 
36  4  397.40      10 12  766.00       6 22  -102.50     22 33  315.90       56 7    401.20 
37  4  419.10      11 12  -241.80      7 22  370.40      23 33  168.80       56 9    106.21 
38  4  -157.30     12 12  0.0000       8 22  517.27      24 33  146.60       56 24  -108.37 
39  4  -240.20     13 12  457.30       9 22  -130.30     25 33  593.40       56 25     5.76 
40  4  839.83      18 12  554.40      10 22  67.520      26 33  10.170       56 27  -272.01 
41  4  615.80      19 12  99.370      11 22  108.90      27 33  -124.00      56 38   107.84 
42  4  191.60      20 12  193.90      12 22   31.00      32 33   6.37          56 39   -33.93 
43  4  221.80      22 12  80.99       13 22  137.80      33 33  0.0000       1  56   153.72 
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44  4  6.2140      23 12  235.60      16 22  -73.850     35 33  -111.20      3  56   174.35 
47  4  -19.450     24 12  351.90      17 22  -111.0      37 33  322.42        4  56  -280.90 
49  4  274.10      25 12  383.30      18 22  -351.60     39 33  -176.26      5  56   147.97 
50  4  2.8450      29 12  201.50      19 22  -152.70     41 33  627.70       7  56   580.28 
52  4  347.13      33 12  -92.26      20 22  -44.700      1 34  298.90        9  56   179.74 
 1  5  986.50      37 12  134.50      21 22  108.30       2 34  31.140        24 56   127.16 
 2  5  524.10      39 12  -116.70     22 22  0.0000       3 34  154.26        25 56     8.48 
 3  5  636.10      41 12  65.370      23 22  0.0000       4 34 -152.55        27 56  1742.53 
 4  5  803.20       1 13  251.50      24 22  17.970       5 34  727.80        38 56   117.59 
 5  5  0.0000       2 13  214.50      25 22  -8.3090      6 34 -119.10        39 56    39.84 
 6  5  249.10       3 13  32.140      26 22  -9.6390      9 34  -246.60       53 1     21.49 
 7  5  -229.10      4 13  213.10      30 22  -116.21     10 34  2.21           53 2     -2.80 
 8  5  -451.60      5 13  28.060      32 22  -40.820     11 34  71.48         53 3    344.42 
 9  5  164.50       6 13  -128.60     33 22  -174.50     13 34  -156.57      53 4    510.32 
10  5  529.00       7 13  540.50      35 22  -215.00     19 34  -203.00      53 5    244.67 
11  5  245.40       8 13  -162.9      37 22  301.90      26 34  -27.700      53 6    163.76 
12  5  139.40       9 13  -103.60     39 22  397.24      34 34  0.0000       53 7    833.21 
13  5  237.70      10 13  304.10      41 22  305.40      37 34  631.50       53 9    569.18 
14  5  -242.80     11 13  -235.70     47 22  -194.70     39 34  6.6990       53 10    -1.25 
15  5  -150.00     12 13  -234.0       1 23  24.900       1 35  526.50       53 11   -38.40 
16  5  28.600      13 13  0.0000       2 23  -13.990      2 35  179.00       53 12    69.70 
17  5  -17.400     14 13  222.10       3 23  -231.90      3 35  169.90       53 13  -375.60 
18  5  -132.30     15 13  -56.080      4 23  -80.250      4 35  4284.0       53 20   600.78 
19  5  185.40      16 13  -194.10      5 23  -98.120      5 35  -202.10      53 21   291.10 
20  5 -151.00      17 13  285.36       6 23  -139.40      6 35  -399.30      53 23  -286.26 
21  5  562.20      18 13  -156.10      7 23  353.70       7 35  -139.00      53 24   -52.93 
22  5  527.60      19 13  38.810       9 23  -354.60      9 35  -44.580      53 37   177.12 
23  5  742.10      20 13  -338.50     10 23  -483.70     11 35  52.080       1  53   408.30 
24  5  856.30      21 13  225.40      11 23  -209.70     13 35  128.80       2  53   219.9 
25  5  325.70      22 13  -197.70     12 23  -126.20     14 35  874.19       3  53   171.49 
26  5  261.60      23 13  -20.930     13 23  -154.30     16 35  243.10       4  53  -184.68 
27  5  561.60      24 13  113.90      16 23  -352.90     20 35  -463.60      5  53     6.39 
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28  5  609.80      25 13  -25.150     18 23  -114.70     22 35  215.00       6  53    98.2 
29  5  461.60      26 13  -94.490     19 23  -15.620     23 35  363.70       7  53  -144.77 
30  5  521.60      27 13  220.66      20 23  39.630      24 35  337.70       9  53  -288.94 
31  5  267.60      28 13  112.40      21 23  249.20      25 35  1337.37      10 53    79.71 
32  5  501.30      29 13  63.710      22 23  0.0000      29 35  31.660       11 53    36.34 
33  5  524.90      30 13  -87.310     23 23  0.0000      31 35  -417.20      12 53   -77.96 
34  5  68.950      31 13  9.2070      24 23  51.900      33 35  32.900       13 53   567.00 
35  5  -25.870     32 13  476.60      25 23  -0.22660    35 35  0.0000       20 53    12.55 
36  5  389.30      33 13  736.40      28 23  -26.060     39 35  136.60       21 53  -127.9 
37  5  738.90      34 13  173.77      30 23  48.480      41 35  -29.340      23 53   165.67 
38  5  649.70      35 13  -93.510     32 23  21.760       1 36  689.00       24 53   291.87 
39  5  64.160      37 13  -217.90     33 23  -46.800      2 36  -52.870      37 53  -127.06 
41  5  88.630      38 13  167.10      35 23  -343.60      3 36  383.90       54 1    272.82 
42  5  1913.0      39 13  -158.20     37 23  -149.80      4 36  -119.20      54 2    569.71 
43  5  84.850      40 13  278.15      41 23  -193.00      5 36  74.270       54 3    165.18 
44  5  796.90      41 13  -247.80     44 23  -196.20      6 36  -5.2240      54 4    369.89 
45  5  794.40      42 13  448.50      48 23  -363.10      7 36  160.80       54 9    -62.02 
46  5  394.80       1 14  391.50       1 24  104.30        9 36  -63.5         54 11  -229.01 
47  5  517.50       2 14  240.90       2 24  -109.70     10 36  -339.20      54 13  -196.59 
49  5  -61.200      3 14  161.70       3 24  3.0000      11 36  -28.610      54 18   100.25 
50  5  682.50       4 14  19.020       4 24  -141.30     19 36  81.570       54 20   472.04 
52  5  72.19        5 14  83.020       5 24  143.10      24 36  369.50       54 24   196.73 
 1  6  697.20       6 14  359.30       6 24  -44.760     36 36  0.0000       54 28   434.32 
 2  6  787.60       7 14  48.890       7 24  497.50       37 36  837.20       54 32   313.14 
 3  6  637.35       8 14  -832.97      8 24  1827.0       39 36  5.1500       54 41  -244.59 
 4  6  603.25      13 14  -78.360      9 24  -39.200      41 36  -53.910      1  54   718.01 
 5  6  -137.10     14 14  0.0000      11 24  54.570       1 37  -4.1890      2  54  -677.25 
 6  6  0.0000      15 14  127.40      12 24  179.70       2 37  -66.460      3  54   272.33 
 7  6  289.60      16 14  38.890      13 24  47.670       3 37  -259.10      4  54     9.63 
 8  6  -265.20     17 14  -15.070     14 24  -99.810      4 37  -282.50      9  54    91.01 
 9  6  108.70      19 14  -157.30     15 24  71.230       5 37  225.80       11 54   446.90 
10  6  -340.20     21 14  131.20      16 24  -262.00      6 37  33.470       13 54   102.21 
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11  6  249.63      24 14  261.10      17 24  882.00       9 37  -34.570      18 54    98.82 
12  6  227.80      25 14  108.50      18 24  -205.30     10 37  172.40       20 54   -60.07 
13  6  238.40      29 14  106.70      19 24  -54.860     11 37  -275.20      24 54   532.73 
14  6  -481.70     35 14 -366.51      20 24  183.40      12 37  -11.400      28 54   684.78 
15  6  -370.30     39 14  49.700      21 24  62.420      13 37  240.20       32 54   190.81 
16  6  -406.80     42 14  961.80      22 24  56.330      18 37  160.70       41 54  -100.53 
17  6  -118.10     43 14  -125.20     23 24  -30.100     19 37  -55.770      55  3   920.49 
18  6  -378.20      1 15  255.70      24 24  0.0000      20 37  -11.160      55  4   305.77 
19  6  162.60       2 15  163.90      25 24  -248.40     21 37  -168.20      55 20   171.94 
20  6  339.80       3 15  122.80      26 24  -34.680     22 37  -91.800      3  55    22.06 
21  6  529.00       4 15  -49.290     27 24  514.60      23 37  111.20       4  55   795.38 
22  6  669.90       5 15  42.700      28 24  -60.710     24 37  187.10       20 55    88.09 
23  6  649.10       6 15  -20.980     30 24  -133.16     26 37  10.760 
24  6  709.60       7 15  168.00      32 24  48.490      28 37  -47.370 
25  6  612.80       9 15  -174.20     33 24  77.55       30 37  262.90 
26  6  252.60      11 15  -73.500     35 24  -58.430     33 37  -48.33 
27  6  511.29      13 15  251.50      36 24  -85.150     34 37  2073.0 
28  6  914.20      14 15  -107.20     37 24  -134.20     36 37  -208.80 
29  6  448.60      15 15  0.0000      38 24  -124.60     37 37  0.0000 
30  6  287.00      16 15  865.90      39 24  -186.70     39 37  -137.70 
31  6  240.80      17 15  64.30       41 24  335.70      41 37  -198.00 
32  6  431.30      18 15  -207.66     43 24  70.810      44 37  -66.310 
33  6  494.70      19 15  -108.50     47 24  3.1630      48 37  148.90 
34  6  967.71      24 15  91.130      48 24  -11.300      1 38  125.80 
35  6  695.00      25 15  102.20      50 24  -79.340      2 38  359.30 
36  6  218.80      31 15  -213.74      52 24  75.04        3 38  389.30 
37  6  528.00      38 15  -198.80      1 25  11.440       4 38  101.40 
38  6  645.90      39 15  10.03         2 25  100.10       5 38  44.780 
39  6  172.20      41 15  284.50       3 25  187.00       6 38  -48.250 
41  6  171.00      42 15  1464.0        4 25  -211.00     13 38  -273.90 
45  6  762.70      43 15  1604.0        5 25  123.50      15 38  570.90 
48  6  420.00                                 6 25  -28.250     16 38  -196.30 
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49  6  -89.240                               7 25  133.90         18 38  -158.80 
50  6  597.80                                 8 25  6915.0         24 38  215.20 
52  6  265.75                                 9 25  -119.80        38 38  0.0000 
                                                                             39 38  50.06 
                                                                             40 38  185.6 
 
 
 
